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In the past, the disagreement of near-threshold FCG rate data generated from
constant Kmax tests, high load ratio constant R tests, and Keff based data was a
mysterious issue.

Because of the disagreement, a variety of test or analysis methods

were created to correlate FCG rate data.

It was suspected that the ASTM threshold test

method using load reduction was inducing remote crack closure due to plastically
deformed material, which caused elevated thresholds and slower rates than steady-state
behavior. The first goal of this study was the development of a test method to eliminate
remote closure during threshold testing.

In order to minimize remote closure effect,

compression-precracking method was used to initiate a crack from a starter notch on
compact specimens.

Two materials with different fatigue crack surface profiles were

tested and the results generated from the conventional ASTM precracking method and the
compression-precracking test method were compared.
In order to understand the disagreement of near-threshold data, crack-opening
load measurements were performed from locally installed strain gages instead of the

remote gage.

Some careful specimen preparations were performed to avoid out-of-plane

bending, to maintain straight crack fronts, and to ensure testing system linearity.

It was

known that remote gages, such as crack-mouth-opening-displacement-gages were
insensitive to measuring load-strain records near threshold. By using local gages, the
crack closure effects were clearly observed even in high load ratio tests, like or higher
than 0.7, and constant Kmax tests, which were believed to be crack closure free.

By

measuring load-reduced-strain records from local gages, crack-opening loads were able
to correlate FCG rate data and showed that Keff-rate data was unique for a wide variety
of materials.

By comparing (Keff)th values, it may provide reasonable guidance for the

material resistance against FCG.

Because of “high-R crack closure”, some theories

considered in the past may need to be reconsidered.
entirely crack-closure free.

First, constant Kmax tests are not

Second, there are no Kmax effects that appear in Kth-Kmax

relations. Research has shown that the three dominate crack-closure mechanisms
(plasticity-, roughness- and debris-induced crack closure) FCG rate behavior in the
threshold regime at any load ratios.

Key words:

fatigue crack growth, threshold, load ratio, fatigue crack closure, load

history, remote closure, effective stress intensity factor range, compression precracking,
load reduction test, constant Kmax test, metallic materials
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CHAPTER I
INTRODUCTION

During the service life of many structures, components may be experiencing
fatigue damage such as cracking under cyclic loading in various environments and it is
known that these damages are cumulative and compromise the integrity of structural
components.

If a crack is longer than the critical crack length, catastrophic failure is

expected. This fracture may be the result of fatigue crack growth (FCG) from a small
flaw during repeated service loads. A crack may be grown from structural
discontinuities or material metallurgical features, thus durability and damage tolerance
concepts were developed to help prevent fatigue failures in metallic structures sensitive to
crack growth.

These concepts assume the presence of an existing crack in the material

used in the structure and they are used to make life predictions of structural components
subjected to cyclic loading.

In order to ensure the safety of these structures, the

behavior of fatigue crack growth in these structural materials need to be understood
before the cracks reach critical sizes [1].
Near crack tip stress fields are described in terms of the stress-intensity factor, K,
and fracture of cracked components are expected when the stress-intensity factor reaches
a critical value, Kc, independent of either crack size or net section stresses within small
scale yielding conditions [2].

It was shown for brittle materials that crack similitude

exists, which suggests that cracks will cause fracture at the same Kc value, independent of
1

crack length and structural sizes.

But for most engineering materials the linear-elastic

fracture mechanics (LEFM) concept does not work well for fracture; and the critical
value of Kc is dependent upon crack length and other structural dimensions [3].
However, LEFM and the concept of crack similitude work very well for fatigue crack
growth.

Thus, the idea of crack growth relation was introduced to characterize the crack

growth behavior of metallic materials [4]. Fatigue crack growth is typically quantified
in terms of a range of stress-intensity factor, K, and crack growth rate, dc/dN (c = crack
length, N = cycle count), at a given load ratio (R = minimum to maximum load).

The

fatigue crack growth behavior of metallic materials is commonly characterized by testing
coupons subjected to constant-amplitude loading.

Figure 1.1 describes typical constant

amplitude cyclic loadings in terms of either load, P, or stress-intensity factor, K, as a
function of time.

A load is applied in sinusoidal form with a specified maximum load,

Pmax, and load ratio, R.

Stress-intensity factors are calculated based on current crack

length and an applied load level.

Figure 1.1

Pmax and Pmin remain the same during the test, whereas

Schematic of typical constant amplitude loading

2

crack growth behavior in metallic materials and is defined as Kmax – Kmin.

It

wasproposed that different crack lengths, but subjected to the sameK, will grow at the
same fatigue crack growth rate, dc/dN [4].

In other words, fatigue crack growth data

can be generated from any size of specimen and can be used to predict fatigue life for any
other crack configuration.
Figure 1.2 shows a schematic of typical fatigue crack growth rate data for a
metallic material at constant load ratio. Fatigue crack growth rate, log(dc/dN), is
commonly plotted against log(K). Fatigue crack growth behavior can be categorized
into three regions (I, II and III).

The simplest behavior can be found in region II and

this region shows a nearly linear relation for a large number of materials on log-log plots.
This region is also known as Paris region, and he suggested relating fatigue crack growth
behavior in terms of two empirical parameters, C and m, as shown in Equation 1.1 [4].
C is the fitting coefficient and m is a slope of fatigue crack growth rate curve in the
mid-region, as shown in Figure 1.2. It is noted that the coefficient C is a function of
stress ratios (R), but m is nearly independent of stress ratio. The power m ranges from 2
to 4 for most engineering materials.
dc dN  C(K ) m

(1-1)

As a crack grows under constant amplitude loading, K increases and unstable crack
growth is expected in region III.

Fatigue crack growth rate becomes very fast as Kmax

approaches the critical stress-intensity factor, Kc. As K decreases from region II, the
fatigue crack growth rate drastically slows down, as shown in region I. Region I is also

3

R = constant
Region I:
Threshold

Region II

Kmax > Kc
m

No
crack growth

Region III:
Fracture
Kth
Figure 1.2

log K)

Schematic of typical fatigue crack growth behavior

called the threshold region and a threshold, Kth, can be found, below which no
detectable fatigue crack growth is observed.

The majority of fatigue life is spent

propagating a small crack near threshold conditions, whereas region II and III commonly
consume smaller portions of the total fatigue life.
In the design process, accurate representation of the fatigue crack growth
threshold is very critical. If Kth is too low, then a high-cycle fatigue structure would
pay a weight penalty, and if Kth is inadvertently too high, the integrity of structures may
be compromised, fail sooner than expected and may not meet the service life.

Defining

an accurate threshold and near threshold behavior for a number of metallic materials is
the major objective of this dissertation.
Typical fatigue crack growth behavior for three different values of load ratio (R1 >
R2 > R3) are illustrated in Figure 1.3. Higher load ratio shows faster fatigue crack
growth rate at the same K.

Fatigue crack growth threshold are found at Kth1 and
4

Kth3 for R1 and R3, respectively.

Since Kth is a function of load ratio, a series of

fatigue crack growth rate tests need to be conducted.
Elber [5, 6] demonstrated that premature crack surface contact occurs under cyclic
loading due to residual plastically deformed material remaining in the wake of the
advancing crack.

During cyclic unloading, fatigue crack closure occurs when the crack

surfaces contact before minimum load.

Upon loadings, the crack-opening load occurs

when the crack surface are fully open under constant-amplitude loadings. It was
assumed that there is no crack tip damage below the crack-opening load, thus the load
cycle below the crack-opening load is ineffective in fatigue crack growth. Hence,
fatigue crack growth rates are related to an effective stress intensity factor range, Keff, as
defined in Equations 1.2, where Ko is the stress intensity factor corresponding to crack

Figure 1.3

Schematic of typical FCG data for three values of load ratio, R
crack growth rates.
5

opening load.

Elber also used the power-law relation as shown in Equation 1.3.

Here

the coefficients and power were shown to be independent of stress ratio using
crack-opening load measurements made on an aluminum (2024-T3) alloy for several
stress ratios. Because a greater portion of the load cycle is expected to be ineffective
(i.e., below Ko) at low R, closure is used to explain the influence of load ratio on fatigue
Keff = Kmax - Ko

(1-2)

dc/dN = C(Keff)m

(1-3)

The concept of fatigue crack closure was the major breakthrough to understand
load ratio effects on fatigue crack growth behavior [5, 6].

Elber proposed that crack

closure occurs because fatigue cracks grow through the plastic strain field generated at
the crack tip.
contact.

Residual plastic deformations left behind the crack tip causes premature

This closure mechanism has been used to explain the effects of load ratio on

fatigue crack growth rates, and also, the influence of load history, including the
retardation or acceleration caused by overloads or underloads [7].
Fatigue crack closure occurs when crack faces prematurely contact during cyclic
tensile loading.

The plasticity induced crack closure (PICC) mechanism has contributed

to producing a load ratio dependency on fatigue crack growth [6, 8].

It is widely

accepted that no crack tip damage occurs when the crack faces are in contact.

Thus,

fatigue crack growth is related to an effective stress intensity range (Keff).
Near-threshold crack closure behavior is especially complicated and poorly understood.
The most likely threshold closure mechanisms are plasticity induced crack closure
(PICC), oxide/fretting debris induced crack closure (DICC) [9-13], and roughness
induced crack closure (RICC) [9, 14-15].

For most of the metallic materials, PICC is
6

the dominant closure mechanism and well understood.

PICC can correlate load ratio

effects very well, especially in the region II but poorly in near threshold region [16].
The significance of RICC and DICC is generally suspected under threshold conditions
where crack opening displacements are small and crack paths become more torturous
[17].

Three major crack closure mechanisms were very well identified in 80’s, but only

PICC models are available in life prediction codes.
Closure due to contact of rough crack surfaces (RICC) was first proposed by
Adams [14], Purushothaman and Tien [15], and Walker and Beevers [10].

This closure

mechanism occurs when misaligned rough crack surfaces contact during unloading in
addition to plastic materials left behind the advancing crack. Rough fatigue cracks
cause a mixed mode crack tip stress field due to misalignment and displacements of crack
surfaces. As a result, the contact reduces the crack tip driving force.

RICC may

contribute to additional load ratio effects over the various fatigue crack growth rate
regimes, in addition to PICC.

However, it is most likely a significant contributor at low

K because of the tendency for rough crack paths, smaller crack tip opening
displacements (CTOD), and smaller monotonic and cyclic plastic zone (i.e., PICC).
Oxide/fretting debris induced crack closure (DICC) was first recognized by Paris,
et al. [9], Walker and Beevers [10], Endo, et al. [11], Suresh, et al. [12], and Ogawa, et al.
[13].

Oxidations due to environmental effects and fretting debris due to PICC or RICC

fill the crack surfaces in an accumulating manner.
tip advances and creates new surfaces.

Oxidation occurs as soon as the crack

A newly created surface is exposed in the crack

wake that reacts with environmental agents. The size of oxide layers are approximately
10 Å for aluminum [18], thus oxide debris may not cause a significant crack closure
7

where CTOD is large or applied Kmax is high. On the other hand, near threshold, where
CTOD is small and crack surface roughness play a key role, crack closure may have
some influence from oxide debris [19].

In addition to oxide debris, fretting contact of

rough crack surfaces can repeatedly scrape portions of the oxide layer and plastically
deformed materials along in the crack surface [14].

Debris due to fretting crack surfaces,

DICC, is much thicker than general oxidation, resulting in higher closure levels in the
threshold region.
Crack closure is not only observed near the crack tip region, but also far behind
the crack tip [20-21].

This remote crack closure (i.e., load history effect) mechanism

has been recognized and shown to significantly influence the crack tip stress-strain field.
Remote crack closure is induced when loads or stress-intensity factors are reduced during
constant R fatigue crack growth threshold tests [22]. The larger amounts of plasticity
created by higher loads during the early portion of the test may cause contact before the
crack tip closes.

Remote closure occurring during constant R threshold testing is shown

schematically in Figure 1.4 [21].

As shown in Figure 1.4, contact occurs in the crack

wake due to residual plastic deformations generated at constant amplitude loading (the
highest stress-intensity factor), although the crack tip (subjected to smaller
stress-intensity factor) remains open.

Presumably, this remote contact will affect the

crack tip driving force, but additional crack tip damage may occur upon further unloading
[23].

Because of remote closure, significantly higher thresholds may be generated [20,

24 and 25]. Paris et al. [26] indicated that the effective crack tip opening level for remote
closure scenarios is only 2/of the measured lift-off load at the remote location. (Note

8
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Figure 1.4

Remote crack closure due to load history effects [21]

that the lift-off load is not the traditional crack opening load defined by Dill and Saff [27],
Füring and Seeger [28], and Newman [29].)
The concept of fatigue crack closure provided great insight into the mechanisms
that cause load ratio effects on fatigue crack growth data. However, not all load ratio
effects have been explained by closure, especially at high values of R [30].

Near

fracture (region III), a closure free mechanism has been proposed to explain load ratio
effects. As Kmax approaches the fracture toughness, localized fracture events occur at or
near the crack tip [31].

The idea of the localized fracture may only be applied in the

unstable fatigue crack growth region as Kmax approaching Kc.

Load ratio effects on

fatigue crack growth rates may be more significant in the near-threshold region than
9

region II [32].

Marci [33] and later Lang et al. [34] observed an “abnormality” in

near-threshold fatigue crack growth at high values of Kmax.
Kmax threshold tests on titanium alloys.

They performed constant

At high Kmax values (Kmax > 0.7 Kc) and near

threshold in K, fatigue crack growth rates were observed to increase with further
reduction in K.

The Lang paper implied that this phenomenon occured primarily at

large crack length to specimen width ratios.

No fractography or crack path description

was presented to indicate a change in fatigue crack growth mode.

Lang later presented

results indicating room temperature creep crack growth was responsible for this abnormal
behavior [35].
Several research papers suggested a Kmax threshold condition exists, in addition to
a K threshold condition.

Thus, both Kmax and K must exceed their respective

threshold values for fatigue crack grow to occur. This behavior was observed while
plotting Kth versus load ratio R to determine the presence of fatigue crack closure by
Schmidt and Paris [36].

It was suggested that the slope of the Kth versus R plot for low

R was attributed to closure, whereas high R data was closure free.

Namely, an intrinsic

Kth is assumed to exist for high R and it can be explained by a static mode of fracture at
high Kmax.
Kmax.

Döker and Bachmann [37] modified this analysis by plotting Kth versus

Kth is shown to decrease with increasing Kmax, although this change is small

relative to closure effects seen in low R [38-42].

These empirical studies of FCG Kmax

effects do not identify the specific mechanism(s) involved, which are likely related to
microstructure and/or crack closure behavior.
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CHAPTER II
RESEARCH MOTIVATION AND OBJECTIVES

In this chapter, the motivation, objectives and approach for research on threshold
and near-threshold fatigue crack growth behavior are described.

For high-cycle

aerospace and machinery components, it is very important to understand fatigue crack
growth threshold behavior for materials used in their applications.
[23] provides two different threshold test methods.

The ASTM standard

One is the constant R load reduction

(LR) test method and the other is variable R constant Kmax test method.

It has been

indicated experimentally and analytically that there are major issues on fatigue crack
growth rate data generated in these test methods:
1) ASTM LR test method produces artificially high threshold [20, 25, 43].
2) ASTM constant Kmax test method produces so-called Kmax effect [39-40].
These issues will be the main focus of this study.

Specific objectives and an approach

to achieve these objectives are presented.

Motivation for Research
Cracks in high-cycle fatigue (HCF) components spend a large portion of their
fatigue life near threshold conditions.

In order to characterize the evolution of damage

and crack propagation during these conditions, FCG rate data at threshold and
11

near-threshold conditions are essential in predicting service life and in determining the
proper inspection intervals.

Based on linear elastic fracture mechanics, FCG rate

(dc/dN) data are quantified in terms of the stress-intensity factor range, K, at a given
load ratio (R = minimum to maximum load ratio) [4].

The relation between K and

dc/dN was shown to be nearly linear on a log(K)-log(dc/dN) scale. The relationship
becomes nonlinear when the crack approaches fracture [44] or when the FCG rate is very
slow [45].

One of the significant mechanisms that influence crack-growth behavior is

crack closure, which is partly caused by residual plastic deformations remaining in the
wake of an advancing crack [5, 6], roughness of the crack surfaces [14, 46], and debris
created along the crack surfaces [9, 47].

The discovery of the crack closure mechanism

and development of the crack-closure concept led to a better understanding of FCG
behavior, like the load-ratio (R) effect on crack growth. The crack-closure concept has
been used to correlate crack growth rate data under constant-amplitude loading over a
wide range in rates from threshold to fracture for a wide range in load ratios and load
levels.

Difficulties have occurred in the threshold and near-threshold regimes using

only plasticity-induced crack-closure modeling [20, 48]. The load range where the
crack tip is fully open is considered to be the effective range controlling crack growth.
To calculate the effective stress-intensity factor range, Keff, the crack-opening load, Po,
was initially determined from load-displacement records using a local displacement gage
placed near the crack tip [5, 6].

For convenience, however, measurement methods have

used either remote crack-mouth-opening-displacement (CMOD) gages or back-face strain
gages (BFS).

These remote measurement methods have indicated that cracks are fully

open under high load-ratio conditions.

Thus, high load ratio (R
12

0.7) data have been

considered to be closure free, even in the threshold regime.

In the low rate regime, at

and near-threshold conditions, roughness-induced crack closure (RICC) and
debris-induced crack closure (DICC), have been considered more relevant, but
plasticity-induced crack closure (PICC) is still relevant under all load-ratio conditions
[21].
The crack-closure concept has not yet been able to correlate data in the threshold
regime, either from load-reduction tests at constant R or constant Kmax tests.

Variations

in the threshold and near-threshold behavior with load ratio cannot be explained from
PICC alone [21, 48], but the other types of crack closure mechanisms like RICC and
DICC may be needed to correlate these data.

The constant Kmax test procedure [49] also

produces what has been referred to as the “Kmax effect”, in that, lower thresholds are
obtained using higher Kmax values. Compared with the constant R test method, constant
Kmax tests gradually decrease Pmax and increase Pmin to obtain a reduction in K as the
crack grows.

One advantage of this test method is that it is commonly considered to

produce crack-closure-free data due to loading techniques. But constant Kmax testing
also produces data at variable load ratios (R) and fatigue-crack-growth thresholds at high
load ratios (> 0.7).

For aluminum alloys and large Kmax values (relative to fracture

toughness), more dimpling and tunneling on the fatigue surfaces were observed [50], as
the threshold was approached. This behavior indicated a change in the damage
mechanism from classical fatigue-crack growth to more of a tensile fracture mode due to
the Kmax levels approaching the elastic fracture toughness [50].

But extensive literature

data reviewed by Vasudevan et al [51] on a wide variety of materials do not show the
so-called Kmax effect.

These mixed results suggest that something is different in either
13

the test procedure or test specimens that exhibit different behavior in the near-threshold
regime.

Research Objective
Accurate representation of fatigue-crack-growth thresholds is extremely important
for many structural applications.

The threshold regime is experimentally defined by

using a load-reduction test procedure [23].

In the early 1970’s, a load-reduction test

method was developed by Paris et al. [52, 53] to generate data at low
stress-intensity-factor ranges and approaching threshold conditions.

Later, Hudak et al.

[54] finalized the method, which was incorporated into ASTM E-647
fatigue-crack-growth-rate testing standard. But the load-reduction test method has been
shown to produce higher thresholds and lower rates in the near-threshold regime than
steady-state constant-amplitude data on a wide variety of materials [55-57].

In addition,

the load-reduction test method produces fanning with the load ratio in the threshold
regime for some materials.

It has been shown that the test method induces a

load-history effect, which may be caused by remote closure [20-22].

Thus, the

load-reduction test method does not, in general, produce constant-amplitude FCG data, as
was originally intended in ASTM E-647.

In order to produce steady-state

constant-amplitude data, compression-compression precracking methods have been
proposed [58-60].

A prenotched specimen is cycled under compression-compression

loading to produce an initial crack, which naturally stops growing (a threshold is reached
under compression-compression loading).
constant-amplitude loading.

Then the specimen is subjected to the desired

If the crack has not grown after a million or so cycles, the
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load is slightly increased (by few percent).
begun to grow.

This process is repeated until the crack has

Then the constant-amplitude loading is held constant and FCG rate data

is generated at the desired stress ratio.

This method is called compression precracking

constant-amplitude (CPCA) loading threshold testing.

Another method is to grow the

crack at a low K value, after compression precracking, and then use the standard
load-reduction test method.

Compression precracking allows the initial K value or rate,

before load reduction, to be much lower than would be needed or allowed in the ASTM
standard load-reduction test method.

This method is called the compression precracking

load-reduction (CPLR) threshold test method. The first objective of this study is to
generate fatigue-crack-growth-rate data by using conventional precracking methods and
the compression-compression precracking method and to identify any load history
effects.
It has been well documented that stress ratio can affect fatigue crack growth rates
in both the Paris region [61-63] and near-threshold [64-66] for various materials.

These

stress ratio effects have been explained by crack closure [5, 6], which correlate fatigue
crack growth rates (dc/dN) with ranges of effective stress-intensity factor.

Although

considerable research has been performed to study crack-wake closure effects [67], the
crack closure concept on fatigue crack growth is still debated.

Some researchers have

proposed intrinsic mechanisms to explain load ratio dependence on fatigue crack growth
rates [68-69].

It was considered that certain Kmax levels are needed to induce certain

growth mechanisms, thus growth rates increase with load ratio.

Other researchers also

debate the current crack-closure concept because of the fact that there is damage
occurring both above and below the crack opening load during each fatigue cycle [70].
15

Understanding near-threshold crack closure behavior is highly complex since several
crack closure mechanisms, such as RICC and DICC, influence crack growth more as the
threshold is approached [71-74].

The difficulty of making direct, accurate crack-closure

measurements and interpreting these measurements correctly [75] likely obscures all of
these issues. The second objective of this study is to revisit the crack-closure concept
for high load-ratio tests by measuring load-strain records from local strain gages placed
near and ahead of a crack tip during crack growth tests.
In terms of the damage-tolerance concept, it is very important to understand
fatigue crack growth behavior from threshold to fracture for various load ratios.

The

last objective of this study is to conduct fatigue crack growth tests on common aerospace
materials such as Inconel-718, 4340 steel and 2024-T3 for smooth crack surface materials
and 2324-T39, 7050-T7451 and Ti-6Al-4V -STOA for rough crack surface materials.
FCG rate data were generated from threshold to fracture at various load ratios (R = 0.1,
0.7, 0.9 and constant Kmax tests).

Local strain gages were used to measure load-strain

records at R = 0.1 and 0.7 near threshold conditions since it is suspected that remote
gages were not sensitive enough to be able to measure crack-opening loads for small
cyclic plastic zone cases [39].

Based on the local gage measurements,

crack-opening-load corrections were performed to determine the Keff-rate data for each
material.
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CHAPTER III
TEST SPECIMEN

Test specimens used in this study were standard plan-form compact C(T)
specimens (Fig. 3.1), except the pin-holes were beveled to help minimize out-of-plane
bending influence on crack-front shapes.

Because of slight misalignments in the

compact-clevis pin-loading fixtures, the pin may contact the outer edges of the pin-holes
and cause out-of-plane bending on the specimen.

Thus, the stress-intensity factors at the

crack tip on one side of the specimen will be higher than on the other side and cause a
non-straight crack front. The beveled pin-hole, as shown in Figure 3.2, causes the pin to
automatically contact near the centerline of the specimen. This reduces the out-of-plane
bending and produces a straighter crack front, as shown in Figure 3.3 on 4340 steel C(T)

(a) Standard pin holes
Figure 3.1

(b) Beveled pin holes

Standard and modified compact specimen configurations
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Figure 3.2

Beveled pin-hole configuration in compact specimens

specimens.

One specimen had the standard pin-hole configuration and produced a

non-straight crack front as the threshold condition was approached; whereas, the
specimen with the beveled pin-holes produced nearly a straight crack front during a
similar threshold test.

The C(T) specimens tested on a variety of materials and

thickness were nominally
order to increase the sensitivity of the back-face-strain gage crack-monitoring system.
A summary of the materials and C(T) specimen configurations tested in this study are
listed in Table 3.1.

Figure 3.3

Crack-front shape near threshold in 4340 steel compact specimens
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Table 3.1

Materials and compact specimen configurations tested

Material

Alloy and Temper

B, mm

W, mm

Notch
condition

Steel

4340

6.35

51

45o

Titanium alloy

Ti-6Al-4V -STOA

9.5

76

60o

Inconel

718

9.5

76

60o

Aluminum alloy

2324-T39

6.35

76

45o

Aluminum alloy

2024-T3

2.3

152

45o

Aluminum alloy

7050-T7451

6.35

51

0.2 mm radius
EDM
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CHAPTER IV
MATERIALS

Steel 4340
The 4340 steel C(T) specimens were provided by Boeing Rotorcraft.

The

51-mm wide specimens were machined from a 150-mm diameter by 750-mm long rod in
the LT-orientation.

Tensile properties were not obtained on this particular material.

The stated tensile strength from Boeing Rotorcraft was from 1050 to 1180 MPa.

Thus,

efforts were made to determine the hardness of the material to obtain an estimate of the
tensile strength.

The hardness (Rc) was found to be about 37, which gave an estimated

tensile strength of 1145 MPa.

The tensile properties (yield stress and ultimate tensile

strength) are important in the fracture toughness assessment of the steel.

Titanium Alloy Ti-6AL-4V -STOA
The titanium alloy C(T) specimens were machined from two forging blocks that
were obtained from Sikorsky Aircraft Corporation.

The titanium alloy (Ti-6Al-4V) was

provided in the -STOA (solution treated and over aged) condition.

This alloy has a

very course microstructure having nearly equi-axed grains nearly 1-mm in diameter.
Figure 4.1 shows the layout of specimens for the three orientations (LS, SL and TS).
Ten specimens were machined in each orientation.
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The tensile properties were obtained

from several ASTM Standard E8 specimens.

The average yield stress (0.2% offset) was

930 MPa, the ultimate tensile strength was 1030 MPa, and the modulus of elasticity was
120 GPa.

Inconel-718
The C(T) specimens were obtained from Boeing-Rockwell (Ken Garr) and the
same specimens were tested using the ASTM load-reduction method [23] and
constant-amplitude loading.

A similar material had previously been tested [76], which

had shown a width effect on threshold behavior using C(T) specimens and the ASTM
load-reduction method.

The yield stress and the ultimate tensile strength were 1060 and

1350 MPa, respectively, with an elongation of 27.9%.

Figure 4.1

Compact specimen layout in titanium alloy forging
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Aluminum Alloy 2324-T39
The C(T) specimens of 2324-T39 aluminum alloy LT orientation were obtained
from Alcoa and had previously been tested to identify load history effects during load
reduction testing scheme and to develop the alternative (compression precracking) test
methods so that FCG rate data can be generate without any history effects [56].

The

yield stress and the ultimate tensile strength was 450 and 500 MPa, respectively.

Aluminum Alloy 2024-T3
The thin sheet 2024-T3 aluminum alloy material was obtained from NASA
Langley Research Center (LaRC).

Large width C(T) specimens (W = 152 mm) were

machined from several 300  900  2.3 mm sheets of the aluminum alloy in the
LT-orientation.

The yield stress and the ultimate tensile strength was 420 and 480 MPa,

respectively.

Aluminum Alloy 7050-T7451
NASA LaRC machined all of the 7050 specimens from a 152-mm thick plate that
had been obtained in an over-aged T7451 heat-treat condition per specification AMS
4050G.

Tensile tests were conducted according to ASTM Standard E8 using 6.4-mm

round-bar tension specimens.

For the LT orientation at room temperature, the yield

stress was 470 MPa, the ultimate tensile strength was 525 MPa, and the modulus of
elasticity was 76 GPa.
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CHAPTER V
THRESHOLD AND NEAR-THRESHOLD TEST METHODS

In generating fatigue-crack-growth-rate data (crack length against cycles) on
metallic materials, various test methods have been used over the past 45 years.

The

primary goal has been to determine the “constant-amplitude” fatigue-crack-growth-rate
behavior at various mean and alternating load conditions. However, to generate data in
the near-threshold regime, constant-amplitude loading conditions had not been able to
initiate a crack at a crack-starter notch at the extremely low stress-intensity factors
required. Thus, Schmidt and Paris [53] and Hudak et al. [54] developed a
load-reduction scheme to initiate cracks at higher stress-intensity factor ranges and
slowly reduce the K range until the near threshold and threshold behavior has been
obtained. This procedure was standardized in ASTM E-647 and has been used for over
30 years to generate fatigue-crack-growth-rate data from threshold to fracture conditions.
Herman et al [49] developed a load-reduction procedure to reduce K (by reducing the
load amplitude), but held the Kmax value constant.

This procedure generated low

crack-growth rates at very small K values, but the stress ratio near and at threshold was
extremely high, generally greater than 0.9. Procedures to maintain a constant K value
have also been used to study environmental effects.

This procedure, which is also a

load-reduction procedure to maintain a constant K value as the crack grows, has been
23

widely used.

All of these methods assume that the crack tip behavior is totally

controlled by the stress-intensity-factor range (K).
However, fatigue-crack closure under cyclic loading (Elber [6]) causes the load
history to have an influence on crack-growth-rate behavior, such as the plastic wake and
residual stresses.
growth.

Thus, the stress-intensity-factor range does not control fatigue-crack

Contact of the crack surfaces and residual stresses in the plastic zone influences

the crack-growth-rate behavior.

Since Elber’s discovery, several other closure (or

shielding) mechanisms, such as fretting-debris- and roughness-induced closure, have
been discussed and modeled [17, 77-78].

The test environment, even laboratory air, has

a tremendous influence on the crack-growth mechanisms that are activated, which can
influence the crack-closure behavior, and must be considered in developing any
damage-tolerance life-prediction method.
During the past decade, there has been a renewed interest in using “compression
precracking” test procedures, as proposed by Hubbard [79], Topper and Au [60], Pippan
et al. [58-59], Newman et al. [56], Ruschau and Newman [57, 80], and Forth et al. [55,
81] to generate a crack under compressive loading and then to apply either a small
stress-intensity-factor range or small constant-amplitude loading slightly above the
“steady-state” K threshold at a given stress ratio. This test procedure should generate
fatigue-crack-growth-rate data in the near threshold regime that minimizes any
load-history effects, after the crack has grown several compressive plastic-zone sizes
[86-87].
In the following, three threshold and near-threshold test methods will be presented
and discussed. They are: (1) ASTM load-reduction threshold testing, (2) ASTM
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constant Kmax threshold testing, and (3) compression precracking (CP) threshold testing.
For CP threshold testing, both constant-amplitude (CPCA) and load-reduction (CPLR)
methods are considered. In addition, a constant stress-intensity factor range (CPCK)
method is also discussed.

ASTM Load Reduction (LR)
The current load-reduction (LR) test method defined by ASTM E-647 is designed to
fully reproduce the range of fatigue-crack thresholds (e.g. low and high stress ratios)
needed to characterize loading conditions for many structural applications. The ASTM
load-reduction test procedure [23] was based on stress-intensity factors changing at an
exponential rate.

A typical load-reduction example is shown in Figure 5.1.

The ratio

of the current applied load, Pmax, to the initial applied load, (Pmax)i, is plotted against crack

Figure 5.1

Definition of ASTM E-647 load-reduction procedure
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length.

The solid curves are based on a constant rate of change in normalized

plastic-zone size with crack extension. The normalized K-gradient, (dK/dc)/K, was
-0.08 mm-1 for the upper solid curve, as recommended in the standard.

This is

equivalent to a 5% change in stress every 0.5-mm of crack extension, as shown by the
stair-step lines.

The standard also allows a 10% change every 0.5-mm of crack

extension, if computerized, smooth load-reduction capability is not available.

This is

equivalent to a normalized K-gradient of -0.2 mm-1, as shown by the lower solid curve.
These procedures have been used over the past 30 years to generate fatigue-crack growth
thresholds for a wide variety of materials.

Constant Kmax Threshold Test
The second type of threshold test is performed by holding Kmax constant and
raising Kmin to decrease K.

As a constant Kmax test progresses, R increases and fatigue

crack closure is, supposedly, eliminated.

Constant Kmax threshold tests have two major

advantages over constant R threshold tests.

First, it was considered that crack closure

(especially remote closure) is less likely during constant Kmax threshold testing because
the monotonic plastic zone, which is responsible for crack wake plasticity, remains
constant during the test.

Second, since it was thought that the effect of crack closure has

been eliminated, the load may be shed at a faster rate.

For constant Kmax tests performed

in this study, a K-gradient of, C = -0.4 mm-1 was used. ASTM standards recommend C
= - 0.08 mm-1 for constant R threshold tests, where the effects of load history are a
concern.
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Compression Precracking
For compression precracking (CP) threshold testing, the test specimen must have
a sharp V-notch, so that compressive yielding at the notch-root tip will induce tensile
residual stresses to grow the crack under compression-compression loading.

To

establish the validity criteria for crack growth from the notch, several issues must be
resolved. First, the stress-intensity factors for a crack under compressive loading
(without surface contact) must be determined.

Second, the effects of the crack-starter

V-notch on stress-intensity factors must be calculated.

The minimum compressive

loading needed to initiate a crack at the V-notch must be established.

Finally, the

amount of crack growth from the notch tip needed to have no (or minimal) influence of
the tensile residual stresses on crack growth and the amount of crack growth for
crack-closure behavior to stabilize under "constant-amplitude" loading. For CP
threshold testing, there are three loading options, after compression precracking: (1)
constant stress-intensity-factor range (CPCK) testing, (2) constant-amplitude load
(CPCA) testing, and (3) standard load-reduction (CPLR) testing.

Stress-Intensity Factors under Compressive Loading
Figure 5.2 shows how the C(T) specimens were tested under compressioncompression loading to initiate a small fatigue crack (0.1 to 0.5 mm in length) at the
crack-starter V-notch. Two methods have been used.

In the first method, the standard

pins are used to apply compressive loads (Fig. 5.2(a)).

Here the pins must contact the

holes before the loading clevis' contact. Using this method, the pin-holes have been
known to crack, if high compressive loads are used and if they are applied for a large
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number of cycles.

To help prevent pin-hole cracking, the lower portion of the pin-hole

surfaces have been polished, low compressive loads have been used, and a small number
of cycles have been applied (less than about 100,000).

The beveled holes may also

induce pin-hole cracking due to the higher bearing stresses. In the most common
method, small aluminum blocks were bonded to the top and bottom of the specimen
edges along the load line, so that the blocks would contact before the loading clevis (Fig.
5.2(b)).

The standard pins were removed and smaller diameter pins were installed as

safety pins to prevent the specimen from coming out of the fixture during compressive
loading.

Typically, less than about 60,000 cycles are required to initiate a crack at the

V-notch for a wide variety of materials under the specified compressive loading
(discussed later).

The crack from the V-notch would initially grow and naturally

develop into a non-propagating crack, as the crack-closure levels approached the
threshold conditions under cyclic compression. A boundary-element code, FADD2D [84],
was used to calculate the stress-intensity factor (K) for cracks under compressive loading
(Fig. 5.2).
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(a) Pin-hole loading
Figure 5.2

(b) Edge loading

Compressive loading options on C(T) specimens

Crack-surface contact was not modeled and the stress-intensity factors were
negative. Normalized stress-intensity factors are shown in Figure 5.3 as a function of
the crack length to width (c/W) ratio. KCT is the stress-intensity factor solution for the
standard C(T) specimen [23].

The compressive pin loading gave higher absolute

stress-intensity factors than standard pin loading (Fig. 3.1) for c/W < 0.5.

Whereas, the

C(T) configuration with compressive loading applied at the top and bottom edges of the
specimen gave essentially the same absolute stress-intensity factor solution as thestandard
specimen (0.5% for 0.2

c/W

0.7).
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Figure 5.3

Normalized stress-intensity factors for C(T) specimen under compressive
loading at pin-holes or edges

Constant Amplitude (CPCA) Testing
The compression-compression precracking constant-amplitude loading procedure,
as shown in Figure 5.4, was designed to generate fatigue-crack-growth rates in the near
threshold regime under constant-amplitude loading conditions with minimal load-history
effects.

This type of loading has been demonstrated to produce fatigue cracks at

machined notches with minimal load-history effects on both compact [57, 80] and
middle-crack tension specimens [81].

Once a fatigue crack has been initiated at the

notch root, then small tensile loading can be applied to grow the crack under
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“steady-state” constant-amplitude loading from threshold to fracture conditions.
Currently, trial-and-error procedures are required to select the initial tensile loading to
start the test at the unknown threshold value.

If a tensile load is selected that would

produce a stress-intensity factor range below the threshold, then the crack will not grow;

Figure 5.4

Definition of compression precracking constant-amplitude (CPCA) loading

however, if the load is high enough, then the crack will grow.

The applied loading is

then held constant during the remainder of the test. Valid crack growth rate data is
recorded for data generated that satisfy the crack extension criteria (see Chapter VI and
Appendix A).
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Load-Reduction (CPLR) Testing
The compression-compression precracking load-reduction test procedure, as
shown in Figure 5.5, was designed to generate a fatigue crack under CP loading and start
the load-reduction (LR) procedure (like the current ASTM E-647 standard) at a
crack-growth rate or initiate stress-intensity factor range much lower than allowed in the
current standard.

After CP loading, the crack is grown under CPCA loading until the

crack-extension criteria are met (see Appendix A).

Figure 5.5

Then the LR procedure is initiated

Definition of compression precracking load-reduction (CPLR) loading

following the same guidelines as in ASTM E-647.

Once the threshold conditions (less

than 10-10 m/cycle) are met, a load increasing test is conducted.

Once the crack starts to

grow, the applied loading is then held constant during the remainder of the test.
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CHAPTER VI
TEST PROCEDURES

Fatigue Crack Growth Testing Procedures
FCG tests are normally performed using laboratory specimens of a convenient
size, geometry and range of crack lengths.

Near-threshold data for long fatigue cracks

are generated by reducing an applied load (i.e., Kmax) as the crack grows. Threshold is
achieved when the crack grows very slow (i.e., dc/dN=10-10 m/cycle) [23].

The concern

with this standardized load-reduction test method is a load history effect due to a
reduction of the plastic zone size as the crack propagates.

The American Society for

Testing and Materials (ASTM) E-647 standard suggests the certain load shed rate, C = 0.08 mm-1 for constant R threshold tests to ensure consistent results and, presumably,
eliminate load history effects.
insufficient [20-22].
the crack grows.

However, evidence suggests that this standard is

Threshold tests are conducted where K is reduced gradually as

FCG threshold is reached when the crack stops growing, or reaches a

sufficiently low FCG rate.

There are two types of threshold tests available in the ASTM

standards. The first type of test is one where the load ratio, R, is held constant during
the test.

This constant R threshold tests are the most widely used type of threshold test.

The second type of threshold test is performed by holding Kmax constant. Constant Kmax
threshold tests are considered to have two major advantages over constant R threshold
tests.

First, remote closure is less likely during constant Kmax threshold testing because
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the monotonic plastic zone (which is responsible for crack wake plasticity) remains
constant during the test. Second, because the effect of load history has been eliminated,
the minimum load may be increased at a faster rate.

For constant Kmax tests performed

in this study, a K-gradient of C = -0.4 mm-1 was used.

As a constant Kmax test

progresses, R increases and fatigue crack closure may be eliminated, whereas for constant
R tests, in general, fatigue crack closure is not eliminated near threshold conditions and
remote closure may occur.
FCG tests were performed using closed-loop servo-hydraulic testing machines
that applied sinusoidal wave loading of constant amplitude and variable amplitude for
standard threshold test and constant Kmax test.

A computer controlled crack monitoring

system [85] was used to continuously monitor crack lengths during testing using the
back-face strain compliance technique [86]. However, an improved BFS relation for the
C(T) specimen was obtained from reference 87. For a given material and specimen
geometry, the crack length is determined using the strain measured at the specimen back
face during the load cycle.

As crack length increases, the compliance measured by the

back-face strain gage increases.

Also the required loads for all of the K-control tests are

computed by the crack-monitoring system.

Periodically, crack lengths were verified by

visual measurements using an optical travel microscope.

Compliance crack lengths

were recalibrated when visual crack lengths deviated by more than 50 m.

After testing,

FCG rates and stress-intensity factors were corrected by considering the deviation
between visual and compliance crack length measurements.
after crack growth increments of c/W = 0.001~0.002.
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FCG rates are evaluated

Crack Closure Measurement Technique
During FCG testing, crack lengths are monitored using compliance data from a
back-face strain gage. Compliance data, which is the inverse of structural stiffness,
from the closure-free portion of the load cycle is used to determine crack length, enabling
FCG tests to be automated and computer controlled.

Load versus strain data can also be

used to measure fatigue crack closure events. As a fatigue crack closes, the effective
load range is reduced. A schematic of load plotted against back face strain is presented
in Figure 6.1(a).

For constant-amplitude loadings, the compliance is constant at high

loads (open crack), which appears as a linear section in the upper right portion of the
figure.

As the load decreases, crack surfaces contact and produce a change in

compliance (slope change).

In cases where a large portion of the crack surface closes

during unloading, this compliance change is very dramatic.

When only a small portion

of the crack closes very near the crack tip, this change in slope may be difficult or
impossible to distinguish on a plot of load versus strain.

The reduced compliance

technique was developed to improve detection of these subtle compliance changes [53,
88].

The reduced strain,  , is the deviation from closure-free compliance behavior (i.e.

Fig. 6.1(b)).

Closure loads are more easily detected from plots of load versus  .

Closure-free behavior on these plots becomes a vertical line, making compliance
deviations easier to detect.

Using the reduced strain technique, the deviation from the

fitted line due to closure is clearly seen; significant deviation at low loads (P / Pmax <
0.6) is observed in Figure 6.1(b). Fitting lines through closure-free data (P / Pmax > 0.7)
allows
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Figure 6.1

Elber’s crack-opening load determination technique

closure to be defined as the load corresponding to the intersection of the fitted lines.
However, this technique does not provide information about the location of crack face
contact since this method relies on changes in compliance to determine closure levels.

Compression Precracking and Crack-Extension Criteria
One of the primary objectives of a fatigue-crack-growth-rate test is to determine
“steady-state” constant-amplitude results at a constant stress (R) ratio, without any
load-history effects.

A schematic of some typical results from the current E-647

load-reduction (LR) test method is illustrated in Figure 6.2. A LR test normally starts at
an initial Ki level, such as K2, and the maximum and minimum loads are reduced as
the crack grows to slowly reduce K, and to maintain constant R and a threshold (vertical
asymptote) is developed.

If a lower K value is used, such as K1, a lower threshold
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may be generated.

After the threshold is reached, an increasing load test is generally

conducted to obtain the upper region of the K-rate curve. This is referred to as a
“load-reduction and load-increasing (LRI)” test. The LR test method may produce data,
which exhibits “fanning” in the threshold regime with stress ratio.

(Fanning is a larger

spread in fatigue-crack-growth rate data with stress ratio, R, in the threshold regime than
in the mid-region.) The fanning could be caused by load-history effects due to plasticity
[20-22] and/or to environmental effects, which naturally produces oxide and/or fretting
debris and higher closure levels [12, 20 and 32].

It has also been suspected that

crack-surface roughness is more prevalent in the threshold regime, which could also
cause higher closure levels at low stress ratio conditions [17].
The importance of precracking is to provide a sharpened fatigue crack of adequate
size and straightness, which ensures that the effect of the machined starter notch is
minimal on the stress-intensity factor, and the effects on subsequent crack growth rate
data caused by changing crack front shape and precracking load history are eliminated. It
is good practice to initiate fatigue cracks at the lowest stress-intensity factor possible. In
ASTM E-647 precracking growth rates should be less than 10-8 m/cycle (410-7 in.
/cycle).

Also, the standard states that the final Kmax during precracking shall not exceed

the initial Kmax for which test data are to be obtained, and followed by the cautionary
statements that prior loading history may influence near-threshold growth rates for the
K-decreasing test procedure. The load reduction test procedure is the only test method
to generate near threshold data in ASTM E-647 at constant R.
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Schematic of “steady state” constant-amplitude results, Keff baseline and
load-history affected data.

An alternative precracking method was proposed and used [55-60, 79-82], which
uses compression-compression cyclic loading to start a crack at a machined notch.
Compression-compression cyclic loads are sufficient to yield the crack-starter notch tip,
produce an initial crack, and leave tensile residual stress at the ahead of the crack tip.
The crack needs to be grown out of the tensile residual stress zone to be residual stress
free and grown about two plastic compressive plastic zone sizes to stabilize
plasticity-induced crack closure [82].

The detail results of two-dimensional (2D)

elastic-plastic finite-element analyses are discussed in the Appendix.

James et al [83],

using linear superposition to account for the residual stress field on finite-element
analyses, has shown that the crack should be grown about 2 to 3 times the compressive
plastic-zone size to ensure that the influence of the tensile residual stresses, due to
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compressive yielding at the notch, has diminished.

In addition, testing on a 7050

aluminum alloy [83], which exhibits a very rough crack-surface profile, under
compression precracking constant stress-intensity factor range (CPCK) loading indicated
that 2 to 2.5 times the compressive plastic-zone size is needed to ensure “steady-state”
crack-growth-rate behavior under R = 0.1 behavior. However, these tests were
compression precracked using the pin-hole loading, which gave a higher compressive
stress-intensity factor than used in reference 83, thus 2 compressive plastic zone sizes
were found to be adequate [87].

Based on elastic-plastic finite element analysis, an

expression [82] to determine the required crack extension beyond which the crackgrowth-rate data would not be affected by compressive yielding at the V-notch and
produce “steady-state” constant-amplitude data (stabilized crack-opening stresses) in the
near threshold regime, is
c
where

cp

(1 – R)

(6-1)

cp

is the compressive plastic-zone size calculated from the plane-stress equation

by
cp

= (/8) (|Kcp|/ o)2

(6-2)

Kcp is the compressive stress-intensity factor calculated using the minimum compressive
load in the standard compact specimen K equation [23], and
between the yield stress and ultimate tensile strength).

o

is the flow stress (average

Further testing and analyses [83,

87] under CPCA and CPCK loading has helped to establish the validity of Equation (6.1).
Figure 5.2(b) shows how the compact specimens were tested under compressioncompression loading to initiate a small crack (0.1 to 0.5 mm in length) at the crack-starter
V-notch. However, the crack must be grown out of tensile residual stress field induced
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by compressive load before the crack-growth-rate data is considered “valid.”

In

addition, the crack must be grown from a fully-open crack to one that has developed
crack closure at the specified R value.

To achieve compressive loading, small metallic

blocks were placed between the testing clevis and the top and bottom of the specimen, so
that the blocks would contact before the pin and hole.

Typically 50,000 cycles

(generally, |Kmin| /E= |KCP| /E= 0.00032 m1/2 = 0.002 in.1/2) were applied to initiate a crack
at the V-notch.

The crack would grow and naturally develop into a non-propagating

crack, as the crack-closure levels approached the threshold conditions under cyclic
compression.

Tensile constant-amplitude loading would then be applied to the compact

specimen under standard pin-load condition.

Precracked specimens may be subjected to

slightly lower than threshold load level to start the CPCA test method (i.e., Fig. 5.4). Or
in case that material thresholds are unknown, the load level can be selected from the test
results on similar materials in similar tempers for dc/dN = 10-9 m/cycle (410-8 in.
/cycle).

After the crack is grown to match the criterion (Eqn. 6.1), LR can be conducted

(CPLR, i.e., Fig. 5.5). After near-threshold data were generated, tensile constant
amplitude loads were applied to generate mid-region to near fracture data.

Fatigue

crack growth tests were performed under computer control on servo hydraulic testing
machines in laboratory air at room temperature and humidity.

The loads were applied in

sinusoidal wave form at frequencies ranging from 18 Hz for regions I and II, and 1-3 Hz
on region III.

Crack lengths were monitored by using the BFS gage and occasionally

calibrated with the measurements from a traveling optical microscope. All of the test
procedures and devices were controlled by a crack-monitoring system [85].

In addition,

corners of pin-holes on C(T) specimens were beveled to avoid or minimize the undesired
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out-of-plane bending moments induced by the contacts between corners of specimen
holes and pins.

Figure 3.3 (a) and (b) show a typical crack-front shape generated during

threshold testing on the specimen with un-beveled (standard) holes and beveled holes,
respectively. As test conditions approach threshold, loads were reduced.

At the

reduced load condition, it is quite difficult to keep the load distribution evenly along the
pin-hole.

If the pins contact with pin-hole unevenly, then undesirable bending moments

are created and stress-intensity factor distribution along the crack front is not uniform.
One side of the crack front, which may exceed threshold, will grow faster than the other.
As a result, non-straight crack front may be formed in millions of cyclic loadings (Fig 3.3
(a)) even on the 6.35 mm thick specimen.

By beveling the edges of holes, fatigue crack

fronts during threshold testing became fairly straight.

Especially in this program, one

side of the crack length was visually monitored, so it is crucial to bevel the holes of the
specimen to have a straight crack front all of the time.

Test Specimen Preparation
Some researchers have mentioned [39] that remote gages are not sensitive enough
to measure crack opening loads.

Also, Riddell et al [40] proposed to use a digital

imaging technique to measure crack opening loads, but he concluded that determining a
unique value of crack opening load was difficult since it was a function of the measuring
location. However, he was not measuring the true crack opening load but measuring the
load when various locations along the crack surface were opening. In order to improve
the sensitivity of load-strain records, strain gages were bonded on the surface of C(T)
specimens along the crack path offset about a notch height (W/32).
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One of the concerns

with the local gage measurement is out-of-plane bending. All holes of the C(T)
specimens were beveled to ensure that pin contact occurs near the center of the pin-hole
(minimizing the out-of-plane bending).

The original idea of the crack closure concept

was that there was no damage to the crack tip material below the crack opening load.
Crack opening load can be determined by a deviation point from the upper linear portion
of the local versus reduced strain record. Therefore, if there is no crack surface contact,
load-reduced-strain record would show only linearity.

Before precracking, target cyclic

loads were applied to notched (un-cracked) specimens to ensure that there was no
non-linearity from the local gage readings.

For example, a demonstration was done on

7050-T7451 aluminum alloy, which had electrically discharged machine (EDM) notch
with 0.2 mm notch root radius (Fig. 6.3).

Figure 6.3

Load levels were chosen to be K of 2.6 and

Notched C(T) specimen with local and BFS gage location
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Load-reduced-strain record measured from local gage in notched
(un-cracked) specimen for R = 0.1 and 0.7

1.8 for R = 0.1 and 0.7, which are equivalent to a rate of 10-9 m/cycle.
the load-reduced-strain record on un-cracked specimens.

Figure 6.4 shows

Since there were no crack

closure and no surface bending, load-strain records showed only linear response. It also
demonstrates that there are no disturbances in the testing system to cause a non-linear
response in local strain gage reading.

During tests, optimum measurement signals were

obtained when the crack tip was located almost 2 gage widths from the center of the gage
(i.e., Fig. 6.5).

Strain gage size was chosen to be about 5% of specimen width.

A

comparison between local and remote (BFS) gage reading was made on a 7075-T651
alloy.

Figure 6.6 shows the load-reduced-strain records measured on a test at R = 0.1.
43

The results from the BFS shows the tail-swing associated with crack closure and the
compliance-offset values from 1% (OP1) to 16% (OP16).

The solid horizontal line

shows the crack-opening-load ratio determined by inspection, which was also required to
correlate the FCG rate data over a wide range in load ratios [89].

The compliance-offset

values gave progressively lower values of the crack-opening-load ratio. The near crack
tip gage showed a similar load-reduced-strain record as the BFS gage, but showed a
slightly larger tail-swing and indicated that the crack-opening load would be about 10%
higher than the 1% offset value.

The “1% offset” indicates that actual crack opening

value should be higher than the 1%-offset value. Based on the difference between 1%
and 2% offset opening values (0.322 and 0.284) and linear extrapolation, the opening
load would be about 0.36, which agreed very well with crack opening load determined
from the local reading. Also, it indicated that the measurement location is not a problem
as long as the load-strain records were measured ahead of crack tip.
between P/Pmax of 0.2 and 0.35 showed noticeable difference.

The curvature

Local readings showed

an aggressive change below the opening point, while BFS gage showed a gradual change.

Figure 6.5

Gage location for optimum measurement signal
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Comparison of load-reduced-strain records measured from local and remote
(BFS) gages
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CHAPTER VII
LOAD HISTORY EFFECTS DUE TO TEST METHODS

Using two different precracking methods (tensile or compressive precracking), the
influence of precracking methods on near-threshold behavior was studied.

Materials

chosen for this study were 4340 steel and Ti-6Al-4V  STOA (LS, SL, and TS
orientations).

The 4340 steel had very smooth fatigue crack surfaces, while the

Ti-6Al-4V  STOA had very rough crack surfaces due to the large grain sizes.
compression precracking criteria were verified with 4340 steel specimens.

First,

Since R =

0.7 results are considered crack-closure free, near-threshold data of R = 0.4 and 0.1 were
mainly compared between precracking methods.

Steel 4340
Tensile precracking loads at constant R were applied on 4340 steel compact
specimens.

In order to start the ASTM load-reduction test at the recommended crack

growth rate (10-8 m/cycle), initial K was chosen to be 8 MPa-m1/2 for R = 0.4.
However, no crack grow was observed until K was raised to 12 MPa-m1/2, as shown on
Figure 7.1. Once precracking produced a crack from the 45o V-notch, the crack was
grown far enough from the notch root to eliminate notch effects.

The crack growth rates

were stabilized and fell on the typical crack growth rate data curve.
46

Figure 7.2 showed

the normalized local K with the applied K against crack extension from the notch root
based on the corresponding crack growth rates. The solid curve shows the knock down
factor due to the 45o V-notch influence on K.

The local and applied K values began

to agree after the crack grew longer than 1.3 mm.

This phenomena was observed on

specimens for constant-amplitude loading of R = 0.4 and 0.1.

The 1.3-mm region is

referred to as a “recast zone” and may be created during the electrical-dischargemachining (EDM) process.

Because of the “recast zone”, ASTM load reduction tests

were initiated at about a factor of 3 higher rate than the recommended rate.

On the other

hand, the specimens precracked by compression loads at Kcp of -84.6 MPa-m1/2, which
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produced a crack of almost 1-mm in length from the V-notch and left tensile residual
stress field at the vicinity of the crack tip, did not show any effects from the “recast zone”.
Initially, compressive loads, Kcp of -42.3 MPa-m1/2, were applied and raised every 10,000
cycles to the final compressive loads, Kcp of -84.6 MPa-m1/2. By increasing
compressive load incrementally, it was possible to ensure that a straight crack was
growing from the notch root.

About 30,000 cycles of the final compressive loads were

applied to the compact specimens and typically cracks tended to stop growing at about
this number of cycles. After compression precracking was completed, the crack must be
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2.0

2.5

grown far enough so that the crack does not have any influence from tensile residual
stress field due to the compressive loads.

In order to understand how far the cracksneed

to grow and eliminate the influence of the residual stress field, crack growth rates were
plotted against normalized crack extension by the compressive plastic zone size
calculated from Equation (6.2) for load ratio of 0.1, 0.4 and 0.7 in Figure 7.3.

While the

cracks are within the tensile residual stress field, crack growth rates are much faster than
the cracks under steady state conditions.

As soon as the influence of residual stress field

had completely decayed, crack growth rates should follow the steady state results. Thus,
Figure 7.3 shows the trend that crack growth rates are slowing down as the crack grows
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Crack growth rates after compression precracking on4340 steel at various
load ratios
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and suddenly starts speeding up, which indicates the beginning of steady state
crack-growth rate behavior.
ratio.

The trends like “check mark” were observed for every load

Also, as the load ratio goes higher, the end of tensile residual stress field, were

able to be achieved in shorter crack-growth increment. The required crack extensions
were 0.5, 0.8 and 1.0 of the compressive plastic zone size for load ratios of 0.7, 0.4 and
0.1, respectively.

These results indicate that the influence by the tensile residual stresses

dissipated after only almost “one” plastic-zone size.
Fatigue crack growth data were generated by the ASTM load reduction test
procedure and followed by constant amplitude loading to generate FCG rate data from
threshold to near-fracture data on 4340 steel C(T) specimens precracked in either tensile
or compressive loading.

Figure 7.4 and 7.5 show fatigue crack growth rate against K

for R = 0.1 and 0.4, respectively.

The solid curve shows the results of a constant Kmax

test, which was held at 39.5 MPa-m1/2 and R ranged from 0.64 to 0.93.

The solid and

open symbols are data generated from the specimen precracked in compressive or tensile
loading, respectively. For the specimen precracked in tensile loads, the load reduction
procedure was initiated at about 310-8 m/cycle in rate, which is slightly higher than the
ASTM recommended rate (10-8 m/cycle) because of the “recast zone” created during
EDM process.

On the other hand, the specimen precracked in compressive loads could

start the load reduction procedure at 10-9 m/cycle.

Although it had been shown that load

reduction tests that started at high growth rates (or K values) produced an abnormally
high threshold [20-21, 24-25], K thresholds for R of 0.1 on Figure 7.4 ranged from 4.05
to 4.38 MPa-m1/2, and R of 0.4 on Figure 7.5 agreed at 3.55 MPa-m1/2.

This agreement

indicated that 4340 high strength steel was insensitive to load history effects due to
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Fatigue crack growth rate data for 4340 steel at R = 0.1 and Kmax test

material plasticity. It is also known that the R-shift is due to crack closure and crack
closure free data can be generated at high load ratio, like R of 0.7 or higher.

R = 0.7, 0.9

and 0.95 were compared with constant Kmax test and R = 0.1 and 0.4 in Figure 7.6.

It is

shown that the effects of crack closure are quite weak at high crack growth rate, and as
the crack growth rate approaches threshold condition, some separation between each load
ratio data set is observed.

Figure 7.7 shows an expanded plot of near- threshold fatigue

crack growth rate data on the 4340 steel. It has been considered that high load ratio tests,
such as 0.7, was high enough to avoid any crack closure effects, but constant Kmax test
results did not agree with constant load ratio of 0.7 test data. R = 0.9 data agreed fairly
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Fatigue crack growth rate data for 4340 steel at R = 0.4 and Kmax test

well with constant Kmax test results. Constant Kmax test data showed slightly slower rate
near threshold than the R = 0.95 data, even though the final load ratio in constant Kmax
test was 0.93 (i.e., Fig. 7.7).

This could be induced by the difference in loading method

(one is in variable R and variable amplitude; and the other is constant R and constant
amplitude). Moreover, R = 0.95 data showed faster crack growth rates than constant
Kmax and constant R of 0.9 results. It was growing faster below about 10-9 m/cycle and
had a K threshold of 2.2 MPa-m1/2, whereas 2.35 MPa-m1/2 for constant Kmax test and
2.7 MPa-m1/2 for R of 0.7.

These lower thresholds may be considered to be Kmax effects,

which are discrepancies between constant Kmax test data and constant R test data at 0.7.
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But these tests are considered “crack closure free”.

However, these discrepancies may

have been induced by crack closure effects at high stress ratios (i.e., Chapter VIII).
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Fatigue crack growth rate data for 4340 steel at various R
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Titanium Alloy Ti-6Al-4V -STOA
C(T) specimens were machined from a forging (i.e., Fig. 4.1 in three orientations,
LS, SL and TS.

This material was generally considered to have no orientational effects

on fatigue crack growth.
orientations.

Figure 7.8 shows a comparison of R = 0.7 on three

S-L orientation shows slightly faster growth rate near threshold and

fracture, but all orientations showed similar behavior.
CPLR and the ASTM LR test methods.

Tests were conducted with CPCA,

For the ASTM LR tests, the crack was grown

from the crack-starter notch to a crack length, which gave a rate of about 10-8 m/cycle
and then the LR test was conducted. For the compression precracking tests, only data
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that satisfied the crack-extension criterion (Eqn. 6.1) is shown in the figures.

These

tests have been conducted at an R-value of 0.1, 0.4, 0.7 and 0.8 or 0.9. -titanium alloy
has large (0.6 mm) grains and the microstructure produces very rough crack surfaces, and
cracks grow in a meandering fashion.
during these tests.

Crack kinking and branching was often observed

Thus, the data contains a large amount of scatter.

Figure 7.9 (a)-(c) show the comparison between the data generated from ASTM LR
and CPLR or CPCA loading at R=0.1 for each orientation. The open symbols show the
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Comparison of R = 0.7 data for three orientations.
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ASTM load-reduction test results, while the solid symbols show the CPCA or CPLR test
results.

Specimen LS7 was tested using CPLR to generate near-threshold data and was

grown to the ASTM recommended rate (10-8 m/cycle) then an ASTM LR test was
conducted. CPLR produced the threshold of 6 MPa-m1/2, while ASTM LR showed
slightly higher threshold, 7 MPa-m1/2.

Noticeable differences were observed from

threshold to a rate of 10-8 m/cycle. CPLR results showed faster crack growth rate
behavior (2 to 3 times faster) than what ASTM LR produced.

Additional ASTM LR test

results (LS3, open triangle) agreed well with LS7 results and showed a threshold of about
8.7 MPa-m1/2. Figure 7.9 (b) shows the CPCA and CPLR results of S-L orientation
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(a) L-S orientation
Figure 7.9

Comparison of data generated from CPLR/CPCA and ASTM LR at R = 0.1
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(continued)
57

20

only. CPLR test was conducted at 710-10 m/cycle and produced threshold of 7
MPa-m1/2, while CPCA satisfied equation 1 at K of 5.5 MPa-m1/2 at 210-10 m/cycle,
and agreed with CPLR results, except near threshold.

This implies that even CPLR may

have caused a reduction in the crack driving force since the material has a very rough
crack surface.

Figure 7.9 (c) shows the results of the T-S orientation. Again CPCA

and CPLR showed much lower threshold and faster crack growth rates than the ASTM
LR results. CPLR method produced the threshold of 7 MPa-m1/2, while ASTM LR
showed 8.2 and 10 MPa-m1/2.
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(a) L-S orientation
Figure 7.10

Comparison of data generated from CPLR/CPCA and ASTM LR at R =
0.4
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(Continued)
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Figure 7.10 (a)-(c) shows fatigue crack growth tests at R = 0.4.

R = 0.4 tests

should experience much less effects of plasticity-induced crack closure than R = 0.1 tests.
Hence, much less differences between CPCA/CPLR and ASTM LR was expected.
However, significant differences were observed. L-S, S-L, and T-S (Fig. 7.10 (a), (b),
and (c)) orientations produced thresholds of 4.0 to 4.3 MPa-m1/2 for CPLR and 6 to
6.4MPa-m1/2 for ASTM LR.

Results from all methods merged together about 210-9

m/cycle, which is similar to the R = 0.1 results. It may be considered that the effect of
remote crack closure was weakened above 210-9 m/cycle in rate because of higher R
(less plasticity).

It is known that R = 0.4 tests have less PICC than R = 0.1 loading and

near-threshold region should behave more like plane strain conditions. Hence, if the LR
was started at a higher crack growth rate than 210-9 for this material, the generated data
may contain the effect of remote crack closure (load history), as shown by test TS02
using the ASTM LR method.
High R (0.7) results have always been considered to be crack closure free data and
the data has been used as Keff data. Figure 7.11 (a)-(c) compares R = 0.7 results with
higher load ratios data (R = 0.8 or 0.9) for each orientation. As reference, R = 0.1 and
0.4 are also shown.

All of the data were generated from CPCA/CPLR loading, which

minimizes any remote closure effects.

As expected, R = 0.7 results showed a lower

thresholds (3.6 MPa-m1/2) than R = 0.4 results for all of the orientations.

However, just

like 4340 steel, R = 0.8 or 0.9 produced lower threshold than R = 0.7 data and faster
crack growth below 110-9 m/cycle (especially L-S and S-L orientations), which implies
that R = 0.7 may experience crack closure effects not from PICC but RICC and/or DICC.
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(b) S-L orientation
Figure 7.11

FCG data for titanium alloy with three orientations
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(continued)
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CHAPTER VIII
FATIGUE CRACK GROWTH RESULTS

In the previous chapter, it was shown that the CP test method was able to
eliminate remote closure effects during threshold testing. Remote closure (load history
effect) was more severe on the titanium alloy, but not on the steel. One of the causes
was the degree of crack closure induced by crack surface roughness.

Steel had less

plasticity with very smooth and flat crack surfaces, while the titanium alloy had more
plasticity with very rough crack surfaces.

Also, it was found that R = 0.7 tests may not

have been crack closure free in the near-threshold region.

Both steel and titanium alloy

results showed that higher R than 0.7 tended to produce lower thresholds than R = 0.7
results.

Additionally, constant Kmax tests are also known to produce lower thresholds

than R = 0.7 tests, which indicated no crack closure from remote (BFS) gages.

Some

researchers have mentioned that remote gages are not sensitive enough to measure crack
opening loads [39].

Ritchie et al [90] observed fractographically that fatigue cracks

were consistently found to be closed at the tip at the minimum cyclic load for high stress
ratios, although this closure in some of the observations extended only a few tens of
micrometers on titanium alloy Ti-6Al-4V, even at R = 0.85.

These observations are

apparently inconsistent with the compliance-based remote closure measurements made
on large cracks, where no closure was detected above an R-ratio of about 0.5.
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In this chapter, load-strain records were measured from local strain gages attached
near and ahead of the crack tip to see if such “undetectable crack closure” from remote
gages can be measured and explain near-threshold spread in FCG rate data.

Five

common aerospace materials were tested: (1) Inconel-718, (2) 4340 steel, (3) 2024-T3,
(4) 2324-T39 and (5) 7050-T7451.

Inconel-718
FCG tests were conducted over a wide range in load-ratio conditions (0.1 R
0.95) and a constant Kmax test.

Figure 8.1 shows the test data, which generally ranged

from threshold to near fracture.

At high rates, the asymptote to fracture, as expected,

was a function of the load ratio, R.

In this regime, the critical stress-intensity factor

range at failure, Kc, is given by KIe (1 – R), where KIe is the elastic fracture toughness or
maximum stress-intensity factor at failure.
to failure at lower values of Kc.

Thus, at higher R-values, a crack will grow

In the near-threshold regime, the R = 0.95 rates were

slightly higher than the R = 0.9 rates at the same K value.

In the mid-rate regime, the

R = 0.9 results gave slightly higher rates than the R = 0.7 results, but the R = 0.8 results
agreed well with the R = 0.7 results. The results for the low R (0.4 and 0.1) tests at high
rates show the usually parallel shift with load ratio.
exhibited severe fanning with the load ratio.

But at low rates, the FCG rate data

(Fanning gives a larger shift in the

threshold regime with R than in the mid-region.)

The R = 0.9 test data agreed well with

the constant Kmax test data at low rates, which had R-values ranging from 0.64 at the start
of the test to 0.92 near threshold conditions.
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The constant Kmax test and most of the
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FCG rate data on Inconel-718

other tests had the same characteristic shape of the crack-growth-rate curve in the
threshold regime, except the results from the R = 0.1 test. Here the test results showed
the development of a lower plateau, which was not observed in the other tests. In this
region, the fatigue surfaces were dark and lightened up as the rates increased (>210-9
m/cycle).

The R = 0.1 tests were the only ones conducted with the CPCA loading and it

could not be determined whether these differences were related to either the CPCA or
CPLR loading sequences.

Further study is required to help resolve these issues.
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Figure 8.2

Comparison of FCG rate data generated at R = 0.1 and 0.7 using ASTM LR
and CPLR/CPCA loadings

Figure 8.2 shows a comparison of test data generated at R = 0.1 and 0.7 using the
ASTM load-reduction (LR) test method [23] or the CPCA/CPLR test methods.

The

ASTM load-reduction tests were conducted by Ken Garr (Boeing-Rockwell, private
communication) on specimens machined from the same plate of material used in this test
program.

These results show that the LR test method produced higher thresholds (Kth

at 10-10 m/cycle) and lower rates than the CPCA or CPLR test methods.

At rates greater

than about 10-8 m/cycles, the test results from the two different laboratories and methods
agreed well.

At R = 0.1, large differences were also observed between the CPCA and
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CPLR test methods below 10-9 m/cycle. Both LR and CPCA tests showed the
development of a lower plateau below a rate less than about 10-9 m/cycle.

The plateau

region also corresponded to a darkening of the fatigue surfaces, which may indicate the
accumulation of fretting debris.

At higher rates, the fatigue surfaces did not show the

dark regions. For R = 0.7, the CPLR/CA and LR results differed below 10-8 m/cycle.
Figure 8.3 shows the results of only the constant Kmax test and the CPLR/CA test
at R = 0.7. (After CP, the LR test was initiated at a rate of 10-9 m/cycle. Once reaching
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Figure 8.3

Comparison of FCG rate data between R = 0.7 data and constant Kmax tests
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threshold conditions, CA loading was applied for rates greater than 10-9 m/cycle.)

A

large difference was observed between these two data sets, even though the constant Kmax
and R test data were both considered to be crack-closure-free data.

The Kmax test

exhibited a lower threshold than the R = 0.7 tests, which may be considered as a Kmax
effect.

The constant Kmax test data started deviating from the R = 0.7 data at a rate of

about 2.510-9 m/cycle.

Several FCG rates were then selected to make near crack tip

load-strain measurements to determine crack-opening loads.

They were chosen as 2.5

10-9, 9.010-10, 5.010-10, 3.610-10, 2.510-10 and 1.510-10 m/cycle.

Thus, the

change in crack-opening loads could be captured as the FCG rate approaches the
threshold condition.
Figure 8.4 shows a comparison of load-strain records measured on the R = 0.7 test
from a near crack tip strain gage (local) and the BFS gage (remote) at a FCG rate of 9.0
10-10 m/cycle.

Some researchers have tried to determine the opening load from

load-strain records [35-36].

From these records, it would have been concluded that the

crack was fully open. However, the opening load is a very subtle change in load-strain
record, so it is impossible to determine one unique point.

Figure 8.5 shows

load-reduced-strain records (Elber’s treatment [6, 86]) on the same load-strain records in
Figure 8.4. Levels of noise were almost the same between the local and remote gages,
but the shape of the load-reduced-strain records was different.
signal-to-noise ratio in these data is poor.
indication of crack closure, even at R = 0.7.

Obviously, the

But the local gage did measured a clear
The local gages almost always showed
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Load-strain record for R = 0.7 measured from local and remote (BFS) gage
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Load-reduced-strain record for R = 0.7 measured from local and remote
(BFS) gage
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some amounts of crack closure in the near threshold regime; whereas, the remote gage
consistently showed no indication of crack closure at the high R-value. This indicated
that the remote gages are not sufficient to determine crack-opening loads from remote
measurements, especially at high R; and that local measurements have a great advantage
in capturing the near crack tip behavior.
ASTM E647-08 [23] suggests using a 2% offset compliance change to determine
crack-opening loads from load-reduced-strain or displacement records. However,
because of the amplitude of noise and size of crack-closure tail-swing on the reduced
load-strain record, the use of an offset value was not practical.

In figure 8.5, the

amplitude of noise was approximately 1- and the size of the crack-closure tail-swing
was about 2.5- for the R = 0.7 local measurements at 9.010-10 m/cycle; whereas
other tests at lower R (0.1) showed orders-of-magnitude larger tail-swings from the BFS
gage.
On a load-reduced-strain record, the abrupt change from a non-linear curve (tail
swing) to a near vertical (linear) trace indicates the crack-opening load. Several
smoothing techniques were attempted to determine adequate crack-opening values,
however, the opening values were very sensitive to the smoothing parameters. Instead
of trying to determine one single crack-opening value, a range of opening values for each
load-reduced-strain record was determined and some of these are shown in Figure 8.6.
First, the tail swing caused by crack closure was very obvious for all FCG rates and the
range of crack-opening-load ratios rose as the rate approached the threshold condition.
Based on the ranges of crack-opening load determined for each rate, a region of Keff was
calculated and this region is shown in Figure 8.7.
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Surprisingly, the region of Keff was
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Load-reduced-strain records measured local gage during threshold test and
range of crack- opening loads

located at K values lower than the constant Kmax test.

At the ASTM defined threshold

(10-10 m/cycle), the (Keff)th ranged from 2.7 to 3.1 MPa-m1/2, whereas Kth from the
constant Kmax test was 3.15 MPa-m 1/2.

This is a very minor difference, but constant

Kmax tests were believed to generate crack-closure-free test data at high R. But the
crack-closure-free region indicated that varying amounts of crack closure may be present
in the constant Kmax test results from R = 0.64 to 0.92.
Since differences were observed between the constant Kmax test and the
Keff-rate region, constant R tests at extremely high R conditions (0.9 and 0.95) were
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Figure 8.7

A region of Keff data determined from local gage readings compared with
constant Kmax and R = 0.7 data

conducted to search for a proper R-value to obtain crack-closure-free data.
results for R = 0.9 and 0.95 are shown on Figure 8.8.

The test

The results from the R = 0.95 test

agreed well with the Keff–rate region determined from the R = 0.7 test. Likewise, the
test results at R = 0.9 agreed well with the Kmax test data in the low-rate regime (<10-9
m/cycle), and merged with the Keff region at higher rates.
Unfortunately, low stress ratio tests had been conducted before local strain gages
were used. However, for the low R ratio tests at 0.1 and 0.4, the BFS and
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Range of Keff data compared with R = 0.9 and 0.95 data

crack-monitoring software had recorded various compliance-offset values using Elber’s
reduced-strain approach [88].

The 1% offset values were then used from the

Inconel-718 alloy tests at R = 0.1 and 0.4; and the results of these measurements and
calculations are shown in Figure 8.9. Several K-rate values were selected from the R
= 0.1 and 0.4 tests and the OP1 values were used to calculate the corresponding Keff
values.

In general, the Keff values fell short of the Keff-rate region determined from

the R = 0.7 local-strain measurements, except for the lowest rates from the CPLR
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Keff data measured from local and remote gages at R = 0.1, 0.4 and 0.7

tests.The R = 0.4 CPLR data agreed fairly well with the Keff-rate curve, while the R =
0.4 CA data fell short. Recall that the 1% offset values underestimate the true
crack-opening values (as shown in Fig. 6.5) and that the true opening loads may have
resulted in a closer agreement.

These results suggest that the Keff against rate relation

may be nearly a unique function over a wide range of R in the threshold regime, if the
true crack-opening values could have been measured.
Crack-opening measurements made on a C(T) specimen tested at a load ratio (R)
of 0.7 indicated a significant amount of crack closure as the threshold condition was
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approached.

The test method was compression-compression precracking with load

reduction (CPLR), but the FCG rate at the start of the load-reduction procedure was an
order-of-magnitude less than the maximum rate allowed in the ASTM E647-08 standard.
Thus, load-history effects may not have been present in the CPLR data at R = 0.7.
During all tests, the fatigue-crack surfaces were very flat and straight, as shown in Figure
8.10. The fatigue-crack surface from one of the R = 0.1 tests is shown in Figure 8.10 (a),
which shows a dark surface in the rate regime from 310-10 to 310-9 m/cycle
(near-threshold regime).

Figure 8.10 (b) shows the fatigue surface for the R = 0.7 test,

which did “not” show a darkened surface in the near-threshold regime, but appeared to
have a “white” metallic powder.

But the R = 0.9 test did show a slight darkening on the

fatigue surface in the near threshold regime (Fig. 8.10 (c)). Why the R = 0.7 test did not
show the darkened fatigue surfaces as seen on both the R = 0.1 and 0.9 tests was not
known.

Based on these limited data, the constant Kmax and R = 0.9 test may have also

developed some slight amounts of crack closure.

For the R = 0.9 test, the U-value

(Keff = U K) would have ranged from 1 at 210-9 m/cycle to 0.92 at the threshold
condition to agree with the Keff-rate region.

Even the R = 0.1 and 0.4 tests may have

agreed with the Keff-rate region, if local-strain-gage measurements could have been
made.

The BFS gage method (OP1) underestimated the true crack-opening-load

behavior for low R and was not able to determine any closure behavior for high R tests.
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(a) R = 0.1

(b) R = 0.7

(c) R = 0.9
Figure 8.10

Photographs of fatigue surfaces showing darkened region in the
near-threshold regimes

Steel 4340
In Figure 7.6, it was suspected that the R = 0.7 test on the 4340 steel was not
crack-closure-free data near the threshold region on 4340 steel.

Also, local

measurements of load-strain records made on Inconel-718 showed the presence of crack
closure for R = 0.7 test near threshold.

The 4340 steel crack surfaces were quite similar
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to Inconel-718, which had flat fatigue crack surfaces.

Strain gages were placed near and

ahead of the crack tip to measure crack-opening loads from local load-strain records
during crack growth at load ratios of 0.1 and 0.7.

In addition, a BFS gage was also used

to monitor crack lengths and to measure remote load-strain records during the same test.
Based on the load-strain measurements (remote and local), crack-opening loads
were determined and crack-closure-free FCG data, Keff, were calculated.

In Figure

8.11 on the R = 0.1 test, the amplitude of noise was approximately 1 and 2- and the
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Figure 8.11

Comparison of load-reduced-strain records measured from local and remote
gages on 4340 steel at R = 0.1 loading
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size of the crack-closure tail-swing was about 2 and 4- for local and remote gage
readings, respectively. A comparison between local and BFS gages was made for
various compliance-offset values (from 1%, OP1, to 16%, OP16) using Elber’s
reduced-displacement approach [88].

Since the steel behavior is more like plane strain,

so the size of tail-swings were quite small comparing with the aluminum alloy (i.e., Fig.
6.5), which showed an order magnitude larger of tail-swing at R = 0.1.
Load-reduced-strain records showed a similar trend on BFS and local gages, but
local-gage shows slightly larger tail-swings and higher opening load values than BFS
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Figure 8.12

Load-reduced-strain records measured from local gage at R = 0.1 during
threshold testing
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gages, which suggest that local gages have more sensitivity to determine the crack
opening load.

During CPLR tests, local gages were used to measure load-strain records.

Figure 8.12 shows that the opening load was slightly raising as the threshold was
approached.

In this same test, unfortunately, the crack monitoring system failed to

record crack opening loads determined from remote gage reading, so there is no
comparison.

Figure 8.13 shows load-reduced-strain record on R = 0.7 test at dc/dN = 5

10-10 m/cycle.

Unlike R = 0.1 case, BFS gage on R = 0.7 test showed a nearly

straight (linearly elastic) response with a large amount of noise, but the local gage

1.00
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4340 steel
C(T)
W = 51 mm
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0.95
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0.90

0.85

0.80
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Po/ Pmax
4E-6

0.70

Reduced strain
Figure 8.13

Load-reduced-strain records measured from local and remote gages on 4340
steel at R = 0.7 loading
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showed classical crack closure response (nonlinear due to surface contact) with
somewhat less noise.

For the high R case, the crack monitoring system did not provide

reliable crack opening values (opening values of 0.777 for OP1 to OP16).

It was clearly

impossible to determine the crack-opening loads from BFS gage readings, moreover, the
indication of crack closure was not noticeable.

On the other hand, the noise on the local

gage reading is small enough for an opening load to be determined, which would be
about 0.75. Similar trends were observed during threshold tests shown in Figure 8.14.
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0.85

0.80
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0.75
4E-6
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Reduced strain
Figure 8.14

Load-reduced-strain records measured from local gage at R = 0.7 during
threshold testing
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Even though the crack opening loads were determined by inspection, it is clear to see that
crack opening load levels were slightly increasing as the crack-growth-rate approached
threshold condition.

Based on the measured crack opening loads on R = 0.7 and 0.1

tests from local gages and 1% offset values (OP1) on R = 0.4 and 0.1 from remote gages,
Keff was calculated and plotted together with constant R test results (R = 0.95, 0.7 and
0.1) and constant Kmax test data on Figure 8.15. The Keff values from the R = 0.1 test
from OP1 values were found to be lower than constant Kmax test and R = 0.7 results,
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Figure 8.15

Keff data calculated from local and remote gage readings compared with R
= 0.95, 0.7, 0.1 and constant Kmax test results
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however, Keff values from the R = 0.1 test from the local gage agreed with R = 0.95 data.
This can be explained by the fact that remote gages produced lower crack opening loads
than the local gages as shown in Figure 8.11.

The Keff results for R = 0.7 test from

local gages also agreed with R = 0.95 data, as well as, Keff values for of R = 0.1 test
from a local gage.

In the literature, it had been considered that there was a limitation of

the crack closure concept in the near-threshold regime.

However, by measuring crack

opening loads from local gages on various tests, it was possible to find a nearly unique
Keff curve for 4340 steel.

Crack closure free data for 4340 steel may occur at R = 0.95

conditions and crack opening load measurements should be made with local gages for
better material response. It is suspected that near-threshold crack closure behavior may
be caused by accumulation of fretting debris and plasticity. The debris induced crack
closure adds to the residual plastic deformations to show slightly more spread in
fatigue-crack-growth-rate data in the threshold regime than in the mid-rate regime (a
behavior referred to as “fanning”).

Aluminum Alloy 2324-T39
FCG tests were conducted over a wide range in load-ratio conditions (0.1 R
0.95) and a constant Kmax test.
from threshold to near fracture.
before FCG testing.

Figure 8.16 shows the test data, which generally ranged
All specimens were compression precracked (CP)

The solid symbols show the CPLR test results and the open

symbols show the constant-amplitude (CA) data. At high rates, the asymptote to
fracture, as expected, was a function of the load ratio, R.

In this regime, the critical

stress-intensity-factor range at failure, Kc, is given by KIe(1-R), where KIe is the elastic
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fracture toughness or maximum stress-intensity factor at failure.
R-values, a crack will grow to failure at lower values of K.

Thus, at higher

In the near-threshold and

mid-rate regimes, the R = 0.9 rates were higher than the R = 0.7 rates at the same K
value. The R = 0.9 test data agreed well with the constant Kmax test data at low rates,
which had R-values ranging from 0.1 at the start of the test to 0.88 near-threshold
conditions. The constant Kmax test and the other tests had the same characteristic shape
of the crack-growth-rate curve in the threshold regime.

The R = 0.1 test data showed a

rapid acceleration from 510-9 to 10-7 m/cycle, whereas the R = 0.7 test data started

2324-T39 (LT)
B = 6.35 mm
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Figure 8.16

FCG rate data on 2324-T39 aluminum alloy
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accelerating at the same rate (5E-9) but showed a more gradual change in slope to higher
rates.

This ‘‘acceleration” zone at low R is quite common in aluminum alloy C(T)

specimens.

Figure 8.17 shows an expanded threshold region of Figure 8.16 with

crack-closure corrected results for the R = 0.1 test data based on the 1% (OP1)
compliance-offset method from remote strain-gage readings. Even though the R = 0.7
test data is considered crack closure free, R = 0.9 and constant Kmax test results shows
lower thresholds than the R = 0.7 test.

1e-8
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Comparison of near-threshold data with Keff calculated from remote gage
(OP1) crack-opening load reading
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R = 0.1 test did not agree with either the R = 0.9 or Kmax test data. Typically, small.
Hence, measurements with a far-field remote gage may lack the required fidelity
crack-surface displacements near the crack front in the near-threshold region are very to
accurately determine crack-opening loads within the threshold region, especially during
load-reduction test [20-21].

In order to improve the sensitivity and determination of

crack-opening loads, load–strain records were measured from near-tip local strain gages
and compared with remote strain-gage readings during CPLR (load-reduction) tests at R
= 0.1 in Figure 8.18.
in Ref. 92.

(Method used to generate load-reduced-strain records is described

On the R = 0.1 test, the tail-swings on load-reduced-strain records from local

gages were 2–5 times larger than the ones measured from the remote strain-gage records.
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Figure 8.18

Comparison of load-reduced-strain records measure from local and remote
gages at R = 0.1 loading
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Because of better sensitivity, crack-opening loads from local gages were quite easy to
determine.

Crack-opening loads from the local gages were determined by inspection,

whereas OP1 values came from the BFS gage readings made with the crack-monitoring
system [85].

Consistently, the local gages showed higher crack-opening loads than the

remote gages, but both records showed the same trend in that the crack-opening loads
were rising as the crack-growth rate approached the threshold regime.

Based on the

local-gage measurements, crack-closure corrected results were updated for the R = 0.1
test data, as shown in Figure 8.19. The crack-opening loads from the local gage gave

dc/dN, m/cycle

1e-8

1e-9

2324-T39 (LT)
B = 6.35 mm
C(T)
W = 76.2 mm

Keff
(R=0.1, Local)

1e-10

R = 0.9
R = 0.7
R = 0.1
Kmax = 13 MPa-m1/2

Keff
(R=0.1, OP1)
1e-11
0.8

Figure 8.19

1

(R=0.1-0.9)

2
3
4
1/2
K or Keff, MPa-m

5

6

7 8

Near-threshold FCG data with Keff determined from local and remote gage
readings
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slightly lower Keff values than the results from using the OP1 values, as expected.
Figure 8.20 shows some typical load-reduced- strain records measured from a near crack
tip strain gage and the BFS gage at FCG rates approaching threshold conditions for R =
0.7.

ASTM E-647 [23] suggests using a 2% (OP2) offset compliance change to

determine crack-opening loads from load-reduced- strain (or displacement) records.
However, because of the amplitude of noise and size of crack-closure tail-swing in the
reduced load–strain records, the use of an offset value was not practical. For high R
tests, all crack-opening loads were determined by inspection for both local and remote
gages, since OP1 or OP2 readings from the crack-monitoring system were either not
available or not reliable. Levels of noise were almost the same between the local and
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1.9E-09 6.4E-10 1.0E-10
1.00

Remote gage
1.9E-09 6.4E-10 1.0E-10 (m/cycle)
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Figure 8.20

Comparison of load-reduced-strain records measured from local and remote
gages at R = 0.7 loading
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remote gages, but the shape of the load-reduced- advantage in capturing the near crack tip
behavior. The information on crack-opening load is imbedded in the remote signal;
however, it is suspected that the level of noise is too large to amplify the reduced strain
readings from the remote gages to measure the crack-opening levels.

Further study on

noise reduction and the differences between local and remote gages is warranted. Based
on the crack-opening-load ratios determined from the local gage for R = 0.7, Keff was
calculated and these results are shown in Figure 8.21.
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Near-threshold FCG data with Keff determined from local and remote gage
readings of R = 0.1 and 0.7
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were located at values lower than measurements, especially at high R; and that local
measurement have a great advantage in capturing the near crack tip behavior.

The

information on crack-opening load is imbedded in the remote signal; however, it is
suspected that the level of noise is too large to amplify the reduced strain readings from
the remote gages to measure the crack-opening levels.

Further study on noise reduction

and the differences between local and remote gages is warranted.

Based on the

crack-opening-load ratios determined from the local gage for R = 0.7, Keff was
calculated and these results are shown in Figure 8.21.

Surprisingly, the Keff results

were located at values lower than the R = 0.9 and constant Kmax test. At the ASTM
defined threshold (10-10 m/cycle), the (Keff)th ranged from 1.05 to 1.15 MPa-m1/2,
whereas Kth from the constant Kmax test was 1.54 MPa-m1/2.

This was a fairly

significant difference (40%), but constant Kmax tests were believed to generate
crack-closure-free test data at high R.

But the crack-closure-free region indicated that

varying amounts of crack closure may be present in the constant Kmax test results from R
= 0.1 to 0.88.

Since differences were observedbetween the constant Kmax test and the

Keff-rate region, measurements of load–strain records from local gages for R = 0.9 and
the constant Kmax tests were conducted to see if crack-closure effects could be measured.
Figure 8.22 shows a comparison of load-reduced-strain records for a constant Kmax (=13
MPa-m1/2) test between local and remote gages.
much less than the remote gage.

Here the noise from the local gage was

Also, the remote gage did not show a sign of crack

closure, while the local gages showed a clear indication of crack-closure behavior. At
the load ratio of 0.79, 0.86, and 0.88, the local-gage records indicated that the crack was
fully opened at Po/Pmax of 0.84, 0.88, and 0.91, respectively. Another unexpected result
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is on the measurements made at R = 0.9, as shown in Figure 8.23.

Here the

measurements indicated a tail-swing (or deviation from linear behavior) at an
opening-load ratio of 0.91 (U = 0.9).

Again, Keff based on local gage records from

constant Kmax and R = 0.9 tests were plotted together in Figure 8.24.

All of the

crack-closure corrected data have collapsed together into a band and the results are
approaching a (Keff)th value at threshold of about 1 MPa-m1/2.

These results suggest

that the Keff against rate relation may be a unique function over a wide range of R in the
threshold regime, if the true crack opening-load values were measured.
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Figure 8.22

Load-reduced-strain records measured from local and remote gages during
constant Kmax test
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Figure 8.23

Load-reduced-strain records measured from local gage at R = 0.9 loading

gage at R = 0.1 was showing Keff values (OP1) quite close to the results from the local
gages at high R (see Fig. 8.24).

In an effort to generate crack-closure-free data

near-threshold conditions, a test at R = 0.95 was performed, but unfortunately, without
local strain gages.

A CPLR test was conducted at an initial Ki of 1.65 MPa-m1/2 to

generate near-threshold data (Fig. 8.25).

However, the data fell at higher K values

than the Keff regime at a given rate, but still at slightly lower K values than the R = 0.9
and Kmax tests.

These results imply that there may be crack closure at R = 0.95!

Since

local gages were not used, there was no direct evidence from the load-reduced-strain
records. Instead, Figure 8.26 shows photographs of a specimen at dc/dN = 10-9 m/cycle
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at the maximum and minimum loads.

These photographs show the growth of the crack

under only constant-amplitude loading and show that the near crack tip region may be
closed at minimum load.

It appears that the crack surfaces are open beyond the contact

region.
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Figure 8.24

Near-threshold FCG rate data with Keff determined from local and remote
gages at various loading conditions
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Figure 8.25

Comparison of near-threshold FCG rate data between Keff determined
from local and remote gages at various loading conditions

Figure 8.26

Photograph of crack tip region during R = 0.95 test at rate of 10-9 m/cycle
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Aluminum Alloy 2024-T3
FCG tests were conducted over a wide range in load-ratio conditions (0.1 R
0.9) and a constant Kmax test.

Figure 8.27 shows the test data, which generally ranged

from threshold to near fracture.
before FCG testing.
10-9 m/cycle.

All specimens were compression precracked (CP)

After CPCA loadings, the CPLR tests were conducted from 2 to 3

Once the threshold regime was reached, CA loads were applied to

generate mid-region and near-fracture data.
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FCG rate data for 2024-T3 aluminum alloy
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thickness of 2.3 mm and width of 152 mm, buckling was may have occurred when the
crack length was large or high loads were used for the high load ratio tests such as at R =
0.9. Hence, it was unable to generate near-fracture data of R = 0.7 and 0.9.

The

current C(T) data were compared with the previous M(T) specimen data from the
literatures [61, 91] and a good agreement was found for R = 0.7 data.

The R = 0.1 data

showed similar results with the R = 0.0 data from threshold to the mid region, but showed
faster crack growth near fracture.

CPCA tests were performed on R = 0.9 and 0.1 only.

The CPCA tests at R = 0.9 data agreed well with CPLR data, but the CPCA R = 0.1
results showed a slightly higher threshold of 3.2 MPa-m1/2 while CPLR produced 3.0
MPa-m1/2.

In the previous materials, it had been shown that constant Kmax test results

were also affected by crack closure just like constant R tests.

In this work, a constant

Kmax test was chosen to have a much lower Kmax value (7.3 MPa-m1/2) than the reference
test (22 MPa-m1/2) from the literature [92].

Each constant Kmax test produced different

load ratio data; Kmax test of 22 MPa-m1/2 had R from 0.72 to 0.94, while the Kmax test of
7.3 MPa-m1/2 had R from 0.1 to 0.8.

The R=0.7 and 0.9 tests produced the thresholds of

1.8 and 1.45 MPa-m1/2, while constant Kmax tests (22 and 7.3 MPa-m1/2) showed threshold
of 1.22 and 1.63 MPa-m1/2, respectively.

As expected, lower threshold values were

obtained from the highest load ratio test.

In this section, local strain gages were used

again to measure load-strain records during threshold tests on every load conditions.
First, load-strain records at R = 0.1 were compared.

Figure 8.28 shows an expanded

threshold region of Figure 8.27 with crack-closure corrected results for the R = 0.1 test
data based on the 1% (OP1) compliance-offset method from remote strain-gage readings.
The correlation with high R results was quite poor.
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The measurement of OP1 was
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near-threshold FCG rate data and Keff determined from remote gage
reading at R = 0.1

measured from a remote gage on wide C(T) specimen.

Figure 8.29 and 8.30 shows that

load-reduced-strain records during the same CPLR test measured from remote and local
gages, respectively.

In comparison to crack-opening loads measured on smaller width

specimens (i.e., Fig. 8.18), the large width specimen produced quite different responses
from remote and local gages.

The local gage readings were very sensitive (large

tail-swings) as shown in Figure 8.18.

Because of the large tail-swing, the opening load

(a deviation from linear behavior) was clearly determined by inspection.

As the

threshold condition was approached, a rise in crack-opening loads was observed again.
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Figure 0.29

Load-reduced-strain records measured from remote gage at R = 0.1 load
condition of CPLR
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Figure 8.30

Load-reduced-strain records measured from local gage at R = 0.1 load
condition of CPLR
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Figure 8.31

Load-reduced-strain records measured from local gage at R = 0.1 load
condition of CPCA

This trend was also observed on the CPCA test at R = 0.1 test (Fig. 8.31), which implies
that a rise of opening load was not a byproduct of LR and it is the nature of crack growth
in the threshold regime.

Now crack-closure corrections were performed on the CPLR

and CPCA tests and these results are shown on Figure 8.32. These new Keff results fell
quite close to the Kmax test (22 MPa-m1/2) and the small-crack (Keff) results.

Because

thin and wide C(T) specimens were tested in this program, R = 0.9 and high constant
Kmax test was suspected to experience buckling, which would disturb the surface stress
distribution and corrupt local gage readings.

Thus, local strain gages were used and

measured load-strain records on only the R = 0.7 and a constant Kmax test. Figure 8.33
compares the load-reduced-strain records measure from local and remote gage at FCG
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Near-threshold FCG rate data with Keff determined from local and remote
gage at R = 0.1

rate of 1.710-9 m/cycle.

The noise in the measurements was quite large, yet it showed

a slight indication of crack closure on the local reading (a distinct transition from linear
behavior). The remote gage also showed a slight indication of a tail-swing.

Because

of the amplitude of noise and size of crack-closure tail-swings in the reduced load–strain
records, the use of an offset value was not practical as ASTM E647 suggests.

For high

R tests, all crack-opening loads were determined by inspection for both local and remote
gages, since opening readings from the crack-monitoring system were either not available
or not reliable. Figure 8.34 shows the series of local gage reading during a CPLR
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threshold testing.

The results from remote gages are not shown here because all of the

records were similar to the ones shown on Figure 8.33 with no indication of crack closure.
The local gages almost always showed some amounts of crack closure in the
near-threshold regime, and also a rise in the crack-opening load as the threshold was
approached.

This indicated that the remote gages are not sufficient to determine

crack-opening loads from remote measurements, especially at high R; and that local
measurements have a great advantage in capturing the near crack tip behavior.

Based

on the crack-opening-load ratios determined from the local gage for R = 0.7, Keff was,
calculated and these results are shown in Figure 8.35.
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Figure 8.33

Comparison of load-reduced-strain records measured from local and remote
gages at R = 0.7 loading
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Figure 8.34

Load-reduced-strain records measured from local gage during CPLR R =
0.7 loading

values lower than the R = 0.9 and constant Kmax test, and the data agreed very well
withKeff results found from R = 0.1.

At the ASTM defined threshold (10-10 m/cycle)

the (Keff)th ranged from 1.02 to 1.17 MPa-m1/2, whereas Kth from the constant Kmax test
was 1.22 MPa-m1/2.

In the study of 2324-T39, it was shown that Keff and Kth of

constant Kmax test were significant difference (40%).

However, since 2024-T3 has a

very flat crack fatigue surface compared with 2324-T39, the difference was much smaller.
However, the difference between high and low values of constant Kmax tests had
previously been thought to be due to Kmax effects.
to crack closure behavior.

But the difference appears to be due

Figure 8.36 shows a load-reduced-strain records for the

constant Kmax (7.3 MPa-m1/2) test. The local gages showed a clear indication of
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Near-threshold FCG rate data with Keff determined from local and remote
gages at R = 0.1 and 0.7 loading

1.00

1.1E-09

7.6E-11

0.95

0.5 Hz
Lab air
1/2
Kmax = 7.33 MPa-m

0.90
P/Pmax

(m/cycle)
2024-T3(LT)
C(T)
B = 2.3 mm
W= 152 mm

0.85

Po/ Pmax

0.80

0.75
5E-6
0.70
Reduced strain

Figure 8.36

Load-reduced-strain records measured from local gage during constant
Kmax test
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crack-closure behavior. At the load ratio of 0.74 and 0.77, the local-gage records
indicated that the crack was fully opened at Po/Pmax of 0.8 and 0.84, respectively. Again,
Keff based on local gage records from the constant Kmax test were plotted together in
Figure 8.37.

All of the crack-closure corrected data have collapsed together into a fairly

tight band and the results are approaching a (Keff)th value at threshold of about 1 to 1.15
MPa-m1/2.

These results suggest that the Keff against rate relation may be a unique

function over a wide range of R in the threshold regime on 2024-T3, when the true crack
opening-load values were measured.
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Near-threshold FCG rate data and range of Keff determined from various
test conditions
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Aluminum Alloy 7050-T7451
FCG tests were conducted over a wide range in load-ratio conditions (0.1

R

0.9) and constant Kmax tests. Figure 8.38 shows the test data, which generally ranged
from threshold to near fracture.
before FCG testing.
m/cycle.

The CPLR tests were all conducted from a rate of 2 to 4E-9

Once the threshold behavior was determined, CA loads were applied to
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FCG rate data on 7050-T7451 aluminum alloy
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30 40

and 0.9.

In addition, two constant Kmax (6.6 and 22 MPa-m1/2) tests were performed to

generate mid-region and near-fracture data. Load ratios were chosen to be R = 0.1, 0.7
see if a high value of constant Kmax will be able to produce Keff data and to investigate
further the cause of the difference between high and low values of constant Kmax test
results.

Because 7050-T7451 is a very rough crack surface material, like 2324-T39, the

behavior may be somewhat similar. Threshold values at R = 0.1, 0.7 and 0.9 were 2.4,
1.5, and 1.3 MPa-m1/2, respectively.

Threshold values for the constant Kmax tests were

1.3 and 1.2 for Kmax = 6.6 and 22 MPa-m1/2, respectively. These Kmax tests had stress
ratios ranging from R = 0.5 to 0.8, and R = 0.85 to 0.95.

The differences were very

small, but the results indicated R = 0.7 test may not be crack closure free near threshold
conditions. Constant Kmax tests also showed lower thresholds than the R = 0.9 test.
In this section, local strain gages were used again to measure load-strain records
during threshold tests on every load condition. Figure 8.39 shows an expanded
threshold region of Figure 8.38 with crack-closure corrected results for the R = 0.1 test
data based on the 1% (OP1) compliance-offset method from remote strain-gage readings.
The Keff based threshold results for R = 0.1 using the OP1 values was 0.26 MPa-m1/2,
which means that nearly 90% of load range was closed at the threshold condition.
Figure 8.40 and 8.41 shows load-reduced-strain records measured from remote and local
gages, respectively.

For reference, OP1 and OP2 values are shown on Figure 8.40.

According to Figure 8.40, both OP1 and OP2 readings were somewhat higher than the
local gage readings. Usually local gage readings show higher opening values than
remote gage readings (i.e., Fig. 6.5).

However, local gage readings in Figure 8.41 (7

10-10 and 510-11 m/cycle) indicated lower opening values than the remote gage. The
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cause of these differences is unknown, but may be due to a remote closure.

It is

suspected that even CPLR tests may experience remote closure depending on the material,
since LR is involved in the test.

Based on local measurements, Keff values were

calculated and they are shown in Figure 8.42.
0.43, which is comparatively very small.

(Keff)th based on local gage reading was

Normally, (Keff)th for aluminum alloys are

around 1 MPa-m1/2, such as 2024-T3 and 2324-T39.

Since unexpected opening load

measurements were found, another CPLR test at R = 0.1 was conducted but from an
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Near-threshold FCG data and Keff determined from remote gage at R = 0.1
loading
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initial rate of 210-9 m/cycle.

OP1 values determined from the remote gage on the

second test showed fair agreement with load-reduced-strain reading on Figure 8.44. But
local gage readings showed somewhat lower opening load values than the ones in Figure
8.41, and slightly higher than remote gage readings on the second test. Now Keff was
calculated based on local and remote gage readings and these results are shown together
with the additional new R = 0.1 CPLR results in Figure 8.45. The additional R = 0.1
results showed a slightly higher threshold, which may have indicated that there was
remote closure effects on the first CPLR test at R = 0.1.

(Keff)th was 0.53 and 0.6

MPa-m1/2 for local and remote gage reading, which were still less than about 50% of the
R = 0.9 and constant Kmax test results. Probably the local readings of opening loads on
Figure 8.40 may be valid, but the readings may be affected by remote closure.

Local

gage measurements were also performed during threshold tests on R = 0.7 and constant
Kmax tests (6.6 and 22 MPa-m1/2).

Figure 8.46 shows a comparison of

load-reduced-strain records measured from local and remote gages at R = 0.7.
lower Keff value.

The

Load-reduced-strain records on both Kmax tests (6.6 and 22

MPa-m1/2) are shown in Figure 8.49 and 8.50.

Unlike 2324-T39 (Fig. 8.23), remote

gage readings also showed clear signs of crack closure (a distinct transition from linear
behavior) in both Kmax level tests, but again local gage readings indicated higher opening
values.

Crack opening loads were 0.71, 0.83, and 0.87 for R = 0.63, 0.72, and 0.78,

respectively, on low value of Kmax test (6.6 MPa-m1/2), and 0.94, 0.961, and 0.963 for R =
0.92, 0.939, and 0.945 on the high value of Kmax test (22 MPa-m1/2).

Keff was

calculated and these results are shown in Figure 8.51. These results fell close to the
Keff results based on constant R tests, and Keff results for the different values of
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Load-reduced-strain records measured from remote gage for CPLR R = 0.1
loading initiated at 410-9 m/cycle
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Figure 8.41

Load-reduced-strain record measured from local gage for R = 0.1 loading
initiated from 410-9 m/cycle
108

dc/dN, m/cycle

1e-8

7050-T7451 (LT)
C(T)
W=50.8 mm
B=6.35 mm

1e-9

1/2

Kmax=22 MPa-m
(R=0.85-0.95)

1e-10

Keff
(R=0.1, OP1)
1e-11
0.2

Figure 8.42

0.4

Kmax=6.6 MPa-m
(R=0.5-0.8)
R=0.9 CPLR
R=0.7 CPLR
R=0.1 CPLR

Keff
(R=0.1, Local)
0.6 0.8 1
2
3
1/2
K and Keff, MPa-m

4

1/2

5 6 78

Near-threshold FCG rate data and Keff determined from local and remote
gages at R = 0.1 loading

constant Kmax tests showed very close agreement.

The differences were generally less

than almost 0.2 MPa-m1/2 and the shape of Keff-rate data were similar.
ranged from 0.53 to 0.77 MPa-m1/2.

(Keff)th values

One may ask whether the effects of RICC are only

in the near-threshold region or remain until fracture.

Figure 8.52 and 8.53 shows typical

load-reduced-strain records during CA loading to generate mid-region data for R = 0.7
test. At the beginning (low rate, 1.7 and 1.810-9 m/cycle), crack opening loads were
still high, 0.85.

But as the crack growth rate become faster, a drop in crack-opening

loads was observed (Fig. 8.52).

The crack-opening loads stabilized at almost 0.75 at
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Load-reduced-strain records measured from remote gage for CPLR R = 0.1
loading initiated from 210-9 m/cycle
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Figure 8.44

Load-reduced-strain records measured from local gage at R = 0.1
loadcondition on CPLR initiated from 210-9 m/cycle
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Comparison of Keff determined from local gage for CPLR initiated from
210-9 and 410-9 m/cycle with near-threshold FCG rate data

high rates. At FCG rate of 3.310-8 m/cycle, there was a sudden increase (0.77) of the
crack opening load.

This may have occurred because the specimen experienced V-shear

crack growth, while the previous R = 0.7 test was under a single-shear crack growth
mode.

Figure 8.54 shows the updated FCG-rate data from threshold to near fracture.

The new R = 0.7 results (diamond symbols) had clearly slower rates than the previous R
= 0.7 test (open circle symbols) from 210-8 to 510-8 m/cycle, which may have been
caused by the V-shear crack growth.
rise in crack-opening load.

This reduction in rate could be explained by the

As soon as the FCG rate increased, the data had same slope
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Figure 8.46

Comparison of load-reduced-strain records measured from local and remote
gages at R = 0.7 load condition
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Load-reduced-strain records measured from local gage for CPLR R = 0.7
loading
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Near-threshold FCG rate data and Keff determined local and remote gages
at R = 0.1 and 0.7

as previous test (from 510-8 to 110-7 m/cycle) and crack-opening levels were back at
0.75.

In Figure 8.54, Keff-rate based on OP1 for the R = 0.1 test generated in CA

loading only was plotted together (triangle symbol on dash line). In the mid-region, the
results showed a slight difference from the Keff results at R = 0.7, but similar location
and same trend.
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Comparison of load-reduced-records measured from local and remote
gages during constant Kmax (6.6 MPa-m1/2) test
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Comparison of load-reduced-records measured from local and remote
gages during constant Kmax (22 MPa-m1/2) test
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0.1, 0.7 and constant Kmax tests
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Figure 8.53

Load-reduced-strain records measured from local gage for CA R = 0.7
loading at high rates
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CHAPTER IX
DISCUSSION OF RESULTS

First, development of test methods to eliminating/minimizing remote closure (load
history) effects during threshold testing by using compression precracking was studied.
Two materials were tested: (1) 4340 steel, which had smooth fatigue crack surfaces, and
(2) Titanium alloy Ti-6Al-4V -STOA, which had very rough fatigue crack surfaces.
The 4340 steel did not show any difference in threshold values, while the titanium alloy
showed significant differences.

CPLR or CPCA methods consistently showed lower

thresholds and faster crack growth rates in near-threshold region than the ASTM LR
method.

Thus, it is suspected that load-history effects due to residual-plastic

deformations in combination with roughness and fretting-debris induced crack closure is
causing the ASTM LR to induce inadvertently high thresholds and slower crack-growth
rates in the mid-region approaching the threshold region due to premature crack-surface
contact.

Whereas, the compression precracking (CP) methods produce a tensile

residual-stress field that causes initially high (invalid) rates. And the crack must be
grown under CA loading several compressive plastic zone sizes away from the
crack-starter notch to approach steady-state conditions.

At this point, CA loading could

either be continued or a LR test conducted. For some materials, such as the 4340 steel,
a crack could not be initiated at a crack-starter notch at the K level corresponding to the
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maximum allowed rate and higher stress-intensity factors were needed. However, CP
allows cracks to be initiated at K levels close to the Kth values, and thus, load-history
affects would be minimized.

It is suspected that the recommended rate for ASTM

standard LR (10-8 m/cycle) is too high for some materials and produces elevated
thresholds and prematurely slow crack growth rates.

But in the CPLR method, the

compression precracking allowed the initial K levels to be nearly a factor of 2 lower,
and at a corresponding rate nearly an order-of-magnitude rate lower (10-9 m/cycle), than
the ASTM standard LR method.

Therefore, much less residual plastic deformations are

left along the crack surfaces than in the current LR method (if started at the maximum
allowed rate).

From a mechanics point of view, it is difficult to grow away from

load-history effects because as the K level is reduced, the crack-surface displacements
also become progressively smaller, until the crack surfaces contact from plasticity,
roughness and fretting-debris mechanisms.

Elimination of any of these mechanisms

would delay crack-surface contact and cause higher crack growth rates. On the other
hand, the compression precracking methods induced tensile residual stresses at the
crack-starter notch and develop fully open cracks before constant-amplitude loading is
applied.

Here the crack-surface displacements are increasing as the crack grows,

making it more difficult for the crack surfaces to contact.

But the cracks must be grown

several compressive plastic zone sizes to be valid steady-state constant-amplitude FCG
rate results.
Secondly, investigation of the disagreement between R = 0.7 data (believed to be
crack closure free in last 30 years), Keff based data from remote crack-opening load
measurements for R = 0.1 tests, and constant Kmax test results was attempted by using the
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crack closure concept with measured crack-opening loads from local strain gages.

A

variety of materials were chosen: Inconel-718, 4340 steel, 2324-T39, 2024-T3 and
7050-T7451.

All of the materials showed the K-rate disagreement in near-threshold

regime, which can be explained by the crack-closure concept.

These materials can be

categorized in two conditions, rough and smooth fatigue crack surfaces. Smooth fatigue
crack surface materials were Inconel-718, 4340 steel and 2024-T3.

Rough crack surface

Results from constant Kmax tests at high

materials were 2324-T39 and 7050-T7451.

values may come close to the Keff relation for smooth crack surface materials, while
rough crack surface materials exhibit high levels of crack closure behavior even for
constant Kmax tests.

However, there is one thing in common, the R = 0.7 tests do not

generate crack closure free data in the near-threshold regime.

Moreover, crack opening

loads measured with the local strain gages consistently showed a rise in the Po/Pmax ratio
as the threshold conditions were approached.

Figures 9.1 to 9.5 show the summary of

crack-opening-load ratios measured on 2024-T3, 2324-T39, 7050-T7451, Inconel-718
and 4340 steel, respectively with the local-strain-gage method over a wide range in
R-values and the Kmax test.
Most of these tests were CPLR tests, but load-history effects due to load
reduction are not likely due to the very low initial Ki values used, especially at high R.
But what has caused the rise in crack-closure behavior in the near-threshold regime.

In

the literature, plasticity effects have been dismissed because the plastic-zone sizes are
very small near-threshold conditions, but crack-surface displacements are also very small.
PICC is due to the interference between the residual-plastic deformations and crack
surface displacements.

Thus, in the threshold regime, PICC is still a very dominant
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shielding mechanism at all R-values. Measurement of crack-opening loads at the free
surface may also record plane-stress behavior instead of interior plane-strain or average
through-the-thickness behavior.

How three-dimensional crack opening loads are used in

a two-dimensional analysis is still unclear [93].

Crack-opening loads at the free surface

should affect the near crack-front-strain ranges in the interior, but at the small K values
near threshold, plane-strain behavior should be dominant and plane-stress behavior would
be over a very small zone.

In addition, PICC models (see for example Ref. [29]) predict

that above R = 0.7, the cracks should be fully open under plane-stress conditions, so
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Figure 9.1

Crack-opening-load ratios for R = 0.1, 0.7 and constant Kmax test results in
threshold regime for 2024-T3 aluminum alloy
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PICC may not be the reason for high-R closure. Since the near crack tip strain gages are
located 2–3 mm’s away from the crack front (B = 6.35 or 9.5 mm), the crack-opening
values measured at any R may be more of an average value through-the-thickness. The
2324-T39 and 7050-T7451 alloys create a very rough and tortuous crack surface,
compared to 2024-T3 or Inconel-718. Thus, for high R conditions, RICC is suspected
to be a major contributor to the rise in the crack-opening-ratio levels as the threshold is
approached. Very rough crack surfaces with contacting asperities may also create
debris along the crack surfaces, so DICC is also suspected to be a major contributor to the
rise in the crack-opening-ratio levels in the threshold regime for high R (i.e., Fig. 8.10).
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Crack-opening-load ratios for R = 0.1, 0.7 and constant Kmax test results in
threshold regime for 2324-T39 aluminum alloy
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DICC may also be able to explain the cause of slightly higher thresholds from the CPCA
test.

At the threshold rate, cracks do not grow fast, so crack surface accumulates more

debris, which causes more crack surface interference.

But when a crack grows faster

than accumulation of debris (loss of crack drive), FCG rate eventually pick up speed and
there is less influence of debris.
on the R = 0.9 test.

Figure 8.10 (c) shows the accumulation of debris even

As analyses showed, there is no PICC for R = 0.9, especially for

smooth crack surface like Inconel-718.

Yet, it is possible to leave fretting debris (since

Inconel-718 does not oxide) on the crack surface. The only surface contact possible to
create debris is the very first unloading immediately after the crack is extended.

After
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Figure 9.3

Crack-opening-load ratios for R = 0.1, 0.7 and constant Kmax test results in
threshold regime for 7050-T7451 aluminum alloy
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the very first surface contact, the crack-opening load is considered to stay at the Pmin
condition due to residual plastic deformations and fretting debris may cause opening
loads higher than Pmin.

Thus, one may be able to say that Inconel 718 is debris-sensitive

material.
It was shown that there is crack closure at high R ratios, such as R = 0.7, which
was commonly considered to be crack closure free load ratio.

This behavior was

considered to be due to either fretting debris or fatigue crack surface roughness, which
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Crack-opening-load ratios for R = 0.1 and 0.7 test results in threshold
regime for Inconel-718 alloy
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was identified in the early 80’ [10-11]. It was known that RICC and DICC may have
significant influence in the near-threshold regime but these mechanisms were never been
implemented into life prediction codes.

Several reasons may be considered: (1) finite

element analyses showed that there was no indication of PICC for R = 0.7 at FCG rates in
the mid-region, (2) remote displacement or strain gages that were used to measure crack
closure events indicated no crack closure at high stress ratios, and (3) delay and
acceleration of FCG rates from PICC and fatigue life predictions worked very well
without the RICC and DICC mechanisms.
The experimental determination of crack-opening loads from load-reduced-strain
records measured from either local or remote gages is a combination of, at least, the three
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major crack closure mechanisms (PICC, RICC and DICC).

There may be a way to

separate the effects from each crack closure mechanism, but it has not yet been done in
the literature.

In the development of the fatigue crack growth test, the remote gage

method was standardized since it not only monitored crack lengths but was also used to
determine crack-opening loads simultaneously. As previously indicated, however,
remote gages were shown to lack the sensitivity to measure crack-opening loads in the
case of high stress ratios.

Yet, there are reports [95, 96] to indicate that crack-opening

loads determined from remote gages for low R tests tended to be higher than expected
based on high R tests (assuming that the high R test data was crack closure free).

Hence,

the lack of data correlation with the crack closure concept lead to the conclusion that
Keff was an inappropriate parameter. However, these results were based on threshold
tests using the ASTM load-reduction procedure, which may induce remote crack closure.
These results lead to the partial crack closure concept proposed by Paris and Donald [96].
But as mentioned the Kop this work was the crack surface lift-off load and not the correct
crack opening load. On the 7050-T7451 alloy, two CPLR tests were conducted from
slightly different initial K values, and they generated two slightly different Kth results.
It was considered that remote closure effects caused the slight elevation in Kth and
slower FCG rate data. Because of remote closure, the crack-opening loads determined
by the crack monitoring system were possibly too high, as Figure 8.40 indicated. In this
study, local strain gages were used to increase the sensitivity during threshold testing and
the comparison of opening load determination between local and remote gage showed
that consistently that local gages read slightly higher crack opening loads than remote
gages (i.e., Figs. 6.5 or 8.18).

However, if remote closure was prematurely induced, the
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remote gages started to read higher crack opening loads than the local gages (i.e., Figs.
8.40 and 8.41).

On the other hand, the test conducted without inducing remote closure

effects showed typical trend of opening load readings, that crack-opening load from local
gages are higher than remote gage because of better sensitivity.

It was shown that the

use of the CP method helped to eliminate remote closure effects and also provides a
better crack opening load determination during threshold testing.
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CHAPTER X
CONCLUDING REMARKS

A summary of the most important research results, and their significance, are
presented here.

Consistent with the organization of this dissertation, results for various

precracking methods for threshold testing and crack closure effects are presented.
Finally, brief recommendations outline areas for future research.

Summary of Research Results
The first goal of this study was to development a test method or methods to
eliminate/minimizing remote closure (load history effects) during threshold testing.
Two materials with different fatigue crack surface conditions were tested and the results
were compared using the standard load-reduction test method from the ASTM
recommended FCG rate and an order magnitude lower FCG rate.

In order to start LR

method at low FCG rate, a crack from the starter notch was initiated with compressionprecracking method.

Since the precrack was performed in compression, it allows the

user to choose a much lower initial FCG rates. Hence, the test can be started closer to
the threshold condition and the crack grown under in constant-amplitude (CPCA)
loadings to fracture.

Even though the user does not determine the threshold in a CPCA

tests, the data beyond the crack extension criterion is valid data, unaffected by load
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history.

However, the user may then use the CPLR test to help determine the threshold

conditions. Because of the fact that the precrack was grown in compression, there is no
concern of load history effects due to larger plastic deformations prior to the threshold
test. In the CP method, there is only one criterion needed to be satisfied.

A tensile

residual stress field will be created due to yielding under compressive loading, so the
crack has to be grown at least two plastic zone sizes away from the notch tip.

Because

of tensile residual stress field, it allows the test to start “below” the threshold and still be
able to satisfy the criterion.

Basically the materials in an actual structure are typically

subjected to constant service loading, initiate a crack from void or defects, and grow the
crack in constant service loading to failure.

Therefore, the materials in an actual

structure will seldom experience the LR load sequence.

In other words, the CPCA test

method is a more realistic test method to generate FCG rate data.

By comparing FCG

rate data generated from ASTM LR and CPCA/CPLR on 4340 steel, the load history
effects were not observed.

However, it demonstrated that the tensile stress field due to

CP loading was not a major concern and the criterion for use of CP methods is valid.
For the titanium alloy, consistently CPCA/CPLR tests produced lower thresholds and
faster rates than ASTM LR method.

Since the titanium alloy has severe RICC, in

addition to PICC, the effects of crack closure were much larger than 4340 steel.

Hence,

the crack driving forces were drastically reduced due to elevated crack shielding
mechanism especially during ASTM LR loading because of remote closure.

By using

CPCA/CPLR loading, the load history effects (remote closure effects) can be minimized,
as a result, lower thresholds and faster rates were consistently generated. Moreover, for
some materials it was difficult to initiate the crack below the ASTM recommended rate
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because of the presence of a “recast zone”. The current study was unable to identify the
source of what caused the “recast zone”, but electrical-discharge machining was
suspected. However, using the CP method a crack could easily be started from the
crack starter notch.

This could be an additional advantage of using the CP methods.

In the past, the disagreement of near-threshold data generated from constant Kmax
tests, high constant R tests, and Keff based data for on R = 0.1 tests was the mysterious
issue.

Because of the disagreement, a variety of test and analysis methods were created

to correlate FCG rate data.

One test method was the adjusted compliance ratio (ACR)

method [95], which uses compliance measurements from the load-remote displacement
record.

The ACR-method does not collapse K-rate data at different stress ratios onto a

unique Keff relation. Thus, a number of researches [95, 96] have used Knorm =
KmKmaxn to correlate FCG rate data.

However, it was shown that the crack closure

concept can explain the disagreements by measuring load-reduced-strain records near the
crack tip location. It was a known fact that remote gages, such as BFS or crack-mouthopening-gages, were insensitive to measuring load-strain records near threshold and high
stress ratios.

By installing the strain gages near and ahead of crack tip, the crack closure

effects were much obviously observed even in R = 0.7 and constant Kmax tests, which
were previously believed to be crack closure free.

By measuring load-reduced-strain

records from local gages, the crack closure concept was able correlate FCG rate data and
it showed that Keff-rate relation were unique for a wide variety of materials.

By

comparing (Keff)th values, it may provide reasonable guidance for the resistance against
FCG.

For example, (Keff)th of 7050-T7451 was only 0.5 MPa-m1/2, whereas 2324-T39
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and 2024-T3 were 1.0 MPa-m1/2, which implies that 7050-T7451 may initiate a crack at a
much lower load level than other materials.
“High R crack closure” was observed in five materials (Inconel-718, 4340 steel,
2324-T39, 2024-T3, and 7050-T7451).

In order to measure load-reduced-strain records

from local gages, there are some steps to ensure the valid data.
beveling or counter boring the pin-holes is mandatory.

For C(T) specimens,

By beveling the pin-holes, the

crack front in threshold tests were nearly straight. Un-straight crack front implies that
the stress distribution through the specimen thickness is not even, which will also
produce non-linearities on local strain gage measurements.

The location of local strain

gage should be ahead of the crack tip and slightly offset (about 2~3 plastic zone size)
from the crack path.

By mounting a local gage offset from crack path and ahead of

crack tip, the strain gage will remain on the elastic material. Thus, the crack-opening
load may then be determined from a load-reduced-strain record.

Finally, a local gage

measurement should be performed on the crack starter notch (no crack). Since there is
no crack (i.e., no crack surface contact), the locally measured load-reduced-strain record
should be linear.
testing system.

This test will demonstrate that there are no non-linearities in the
Since all of the near-threshold phenomena were explained by crack

closure, some theories considered in the past will need to be reconsidered, such as
constant Kmax test is not entirely crack closure free.

Since it was considered that

constant Kmax test had no crack closure, ASTM E647 did not specify any specific rate for
load level change to maintain Kmax constant.

This research has proven that there can be

a crack closure for constant Kmax tests; hence, the rate for the load level change may need
to be defined or specific test procedure need to be established.
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Future Research Topics
There are several methods to predict the fatigue crack growth life.
most popular methods is PICC based life prediction.

One of the

Since plasticity explains

acceleration and retardation of crack growth, only PICC was implemented even though
RICC and DICC were identified in similar time frame as PICC.
analysis showed that there was no crack closure for R

As finite element

0.7 for glassy flat fatigue crack

surfaces and no roughness/debris conditions. Also, experimental measurements had,
unfortunately, confirmed the idea of no crack closure on R

0.7 because of the lack of

sensitivity. However, actual material behavior has some amount of surface roughness
and produce/create debris every time the surface contacts.

In addition to PICC, these

other crack-surface events should be modeled in finite element analysis or fatigue life
prediction codes.

In this study, it was shown that Inconel-718 and 4340 steel were

debris sensitive materials, and 2324-T39 and 7050-T7451 were very rough crack surface
materials. Both of the effects are consistently influencing the FCG data in
near-threshold regime.

In other words, they may be a function of FCG rate.

In

near-threshold FCG rate, the crack-opening-displacements are low; hence the effect of
RICC may be tremendous.

As FCG rates become faster, crack-opening-displacement

becomes larger; namely the effects of RICC are growing weaker.
in the same fashion.

DICC should also act

More contact in low FCG rate creates larger amounts of debris and

less contact in high FCG rate may create less amount of debris.
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APPENDIX A
ELSTIC-PLASTIC FINITE-ELEMENT ANALYSES OF COMPRESSION
PRECRACKING
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It is the scope of this section to use elastic-plastic, two-dimensional (2D)
finite-element analyses to study the influence of the tensile residual stresses due to
compressive yielding at a sharp V-notch in compact specimens made of a high-strength
aluminum alloy on the crack tip-opening displacements (CTOD) and on the stabilization
of crack-opening loads for simulated crack growth under constant-amplitude loading.
High-fidelity finite-element models (60,000 to 160,000 DOF) using 2D analyses under
plane-stress conditions were used to simulate plastic yielding at a crack-starter notch
during compressive loading and simulated fatigue-crack growth through the tensile
residual-stress field.

The finite-element code was ZIP2D [97], which had been

developed at NASA Langley, and enhanced at Mississippi State University.

The course

mesh had an element size (le) of 2 m and the refined mesh element size was four times
smaller (0.5 m, le /W = 0.006), which were the simulated crack-growth increments per
cycle in the respective models.
Fatigue-crack growth and crack-closure effects were simulated using highly refined
finite-element models over a range in load levels (P = 2.2, 4.4 and 6.6 kN) and stress
ratios (R = 0 to 0.8), after compression precracking.

The crack tip-opening

displacement (CTOD) concept was used to judge the extent of the influence of the tensile
residual stresses and the stabilization of the crack-opening loads by comparing CTOD
with and without compression precracking.

When the CTOD values with and without

compression precracking agreed within 1% of each other, then the influence of the
residual stresses had dissipated.

Also, when the crack-opening loads with or without

compression precracking agreed within 1% of each other then crack-opening loads had
stabilized at their constant-amplitude value.

The present results were used to validate a
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crack-extension criterion, beyond which the crack-starter notch and the tensile residual
stress field would have little or no influence on crack-growth rates and the crack-closure
behavior would have stabilized under constant-amplitude loading.

Finite Element Analysis Procedure
Elastic-plastic finite-element analyses (FEA) of an elastic-perfectly-plastic material
were conducted to study the influence of the tensile residual-stress field induced by
compressive precracking (CP) on subsequent fatigue-crack growth during
constant-amplitude loading.

Finite-element 2D models of the compact, C(T), specimens

were built using PATRAN-2005 [98] with constant-strain triangular (CST) elements.
The finite-element neutral files were exported to create a mesh file for ZIP2D [97].
Plane-stress conditions were chosen because the extent of yielding and the influence of
the tensile residual-stress field would extend over a larger region than under higher
constraint conditions, such as plane strain. Any crack-extension criterion developed to
establish “steady state” constant-amplitude crack-growth-rate behavior under plane-stress
conditions would be conservative, if applied to higher constraint conditions.
understand the influence from CP loading, residual stresses (

res),

To

crack-opening loads

(Po) and crack tip-opening displacements (CTOD) were calculated.

The finite-element

C(T) models had a width W = 76 mm, notch height Hn = W/32, notch length cn = 0.25W,
and a 45o V-notch with a notch root radius of 0.127 mm.
thickness was 7.6 mm.)

(For ZIP2D, the plate

Typical high-strength aluminum alloy properties, such as those

for 7075-T6, were used (modulus of elasticity E = 70 GPa; Poisson’s ratio  = 0.3; and
flow stress

ys

= 520 MPa).

The material had an elastic-perfectly-plastic stress-strain
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behavior and neither kinematic nor isotropic hardening was modeled.

Moreover, the

purpose of this study was to conduct an elastic-plastic treatment of simulated
fatigue-crack growth, after compressive yielding, rather than to use linear superposition,
which is typically used to account for residual-stress fields. In order to study the
convergence of the various crack tip parameters, two FEA models were developed.
Mesh 1 had about 30k nodes and 60k elements (~60k degrees-of-freedom, DOF),
whereas Mesh 2 had about 80k nodes and 150k elements (~160k DOF).

The minimum

element size (le) along the crack path was 2 and 0.5 m for Mesh 1 and 2, respectively.
A typical mesh is shown in Figure A.1.

In this study, tensile and compressive loads

were applied at one single node at the top of the hole instead of simulating a

Figure A.1

Typical finite-element model of compact specimen (Mesh 1)
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pin-contacting load.

Elements near the loaded node were set to elastic conditions, so

that the applied loads were redistributed by elastic elements as if the pin-contacting load
was modeled and to avoid local yielding at the concentrated load.

In actual testing, it is

impossible to apply a compressive load at the top of the hole, but it was shown that this
loading configuration produced essentially the same stress-intensity factor (SIF) level as
block loading applied at the top and bottom edge of C(T) specimen [56].

A minimum

compressive precracking (CP) load, -9 kN, which produced a compressive stress-intensity
factor of about –22 MPa-m1/2 (assuming that the notch was a crack), was used in all cases
(maximum load was zero).

Three constant amplitude (CA) load ranges (P = 2.2, 4.4,

and 6.6 kN) were used over a wide range in load ratios from R = 0 to 0.8.

These load

ranges corresponded to initial stress-intensity factor ranges (Ki) of 5.5, 11 and 16.5
MPa-m1/2, respectively. Mesh 1 and 2 experienced more than 5k and 15k elements
yielding during CP loading, respectively; and for the lowest load range about 8 to 12 and
60 to 140 elements yielded at the minimum load depending on the crack length.

For the

lowest load range and any load ratio, a sufficient number of elements must yield in
compression in the crack tip region to establish the correct crack-closure behavior [22, 97,
99].

The lowest load range was selected to allow a few elements to yield in

compression during crack-growth simulations for Mesh 1. The middle and highest load
ranges would cause 4 to 10 times more elements yielding at the crack tip than the lowest
load range. (Mesh 2 would also allow about a factor-of-4 more elements to yield in
compression than Mesh 1.)

Fatigue-crack growth was simulated in ZIP2D by using a

very efficient nodal release algorithm at maximum load for each cycle, crack-surface
contact or separation due to crack closure or opening were accounted for by using very
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stiff springs placed along the crack path [97].

Thus, crack-growth rates were constant

and were equal to the minimum element length per cycle.

For Mesh 1 and 2, the highest

and middle load ranges, respectively, corresponded fairly close to the actual
fatigue-crack-growth rates for a high-strength aluminum alloy.

The crack-opening load

was monitored at the first node behind the crack tip node; and the CTOD was monitored
at the first and second nodes behind the crack tip node.

Finite Element Analysis Results

Convergence study
Convergence studies were performed using Mesh 1 and 2.
stresses

res

First, the residual

were calculated at the unloaded condition after –9 kN of compressive load

(Kcp = -22 MPa-m1/2) was applied.

Figure A.2 shows the comparison between Mesh 1

(solid curve) and 2 (dotted curve), and

res

was normalized by the flow stress,

of elastic-perfectly-plastic material behavior.

ys

because

Both meshes produced the same

residual-stress distribution along the centerline of the specimen, and the compressive
plastic-zone size was about 0.5 mm.
the plastic-zone region.)

(For clarity, the figure only shows the upper half of

As a reference, the residual-stress distribution at zero load

after a tensile load of Pmax = 2.2 kN (solid curve) is also shown in Figure A.2.

Because

of the notch-root radius, the low tensile load caused a very small amount of yielding at
the notch tip.

However, the large compressive load created a tensile residual stress over

one-half of the plastic zone and a balancing compressive stress over the remainder of the
specimen.

There were two sharp kinks in the
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res

plot; the first kink was caused by

1/2
C(T)
CP at Kcp = -22 MPa-m
W = 76 mm
E = 70 GPa
res for Mesh 2 (le = 0.5 m)
ys = 520 MPa
res for mesh 1 (le = 2.0 m)

1.5

Plastic-zone size
cp_FEA = 0.5 mm

1.0
res
ys

0.5

45o
V-Notch

res

for Mesh 1 for CA

0.0

-0.5
-0.2

Figure A.2

0.0
0.2
0.4
0.6
0.8
Distance along crack path, mm

1.0

Compressive plastic-zone region and comparison of residual stress
distributions from Mesh 1 and 2

reverse yielding in tension, and the second kink in compressive stress was at the interface
of the plastic zone,

cp_FEA.

As shown, the residual-stress field calculated from Mesh 1

and 2 agreed very well, which verified that Mesh 1 was fine enough to calculate the
residual-stress field accurately.
Secondly, fatigue-crack-growth simulations were performed with ZIP2D for both
CA loading and compression precracking followed by constant amplitude (CPCA)
loading using Mesh 1 and 2.

The CA loading was Pmax = 2.2 kN at R = 0.

The

crack-opening load Po normalized by Pmax is shown in Figure A.3 as a function of
normalized crack extension.

Po values under CA loading rapidly rose and stabilized at
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about 0.58 of Pmax for both Mesh 1 and 2 (solid and dashed curves, respectively).

These

results demonstrate that Mesh 1 had sufficient refinement to model the crack-closure
behavior for the low applied load range.

For the CPCA loading case, 50 cycles of

compression (Pmax = 0; Pmin = -9 kN) were applied, which grew the crack about 20% of
the compressive plastic-zone size for Mesh 1.

For CP loading, the crack-opening load

was negative (not shown) and the crack was grown at the maximum load (Pmax = 0) for
each cycle. After CP loading, the same CA loading was then applied. In contrast to
the CA case, the Po values for CPCA loading took about one plastic-zone size to stabilize.
Results from Mesh 1 showed a smooth curve, but the results from Mesh 2 showed many
discontinuities.

The reason(s) for these discontinuities were unknown but were not

1.0
Mesh 1 (le = 2.0 m), CA
Mesh 1 (le = 2.0 m), CPCA

0.8

Mesh 2 (le = 0.5 m), CA
Mesh 2 (le = 0.5 m), CPCA

0.6
Po
Pmax
0.4

0.2

0.0
0.0

0.5

1.0
c /

Figure A.3

1.5

2.0

cp_FEA

Comparison of normalized crack-opening loads from Mesh 1 and 2
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related to the non-uniform element refinement above the crack path.

(Further study is

required to resolve these problems in the analyses with the finer mesh.)

However, the

results from Mesh 1 and 2 merged after about 1.5 plastic-zone sizes and, again,
demonstrated that Mesh 1 had adequate refinement.
Finally, the CTOD values were calculated for both CA and CPCA loading for Mesh
1 and 2, and these results are compared in Figure A.4.

During the crack-growth

simulations, the CTOD values at the second node behind the crack tip at the maximum
applied load were collected.

Mesh 2 was 4 times finer than Mesh 1, so the distances

from the crack tip to the second node were different.

(Here only the CTOD ratios for

CA and CPCA loading are compared at the same node from the crack tip.)

In order to

perform convergence studies on CTOD, the CPCA results were normalized by the CA

2.50
R = 0.0
Mesh 1 (le = 2.0 m)
Mesh 2 (le = 0.5 m)
2.00
CTODcp
CTODCA
1.50

1.00
0.0

0.5

1.0
c /

Figure A.4

1.5

cp_FEA

Comparison of normalized CTOD from Mesh 1 and 2
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2.0

results, so that the crack-extension distance where the CPCA results would merge with
the CA results could be easily located. Because of the tensile residual-stress field
created by CP loading, the cracks were fully opened at the beginning of the CA loadings.
As the crack grew, the influence of CP loading was fading out and the normalized CTOD
values were approaching unity.

Similar trends were found in the results from Mesh 2,

except the CTOD trace showed the same discontinuities.

Differences between the

results from Mesh 1 and 2 may be due to the number of reverse yielded elements around
the crack tip.

For this applied cyclic load range, Mesh 1 experienced reverse yielding in

about 8 elements, while Mesh 2 had 60 elements.

Thus, Mesh 2 may be more precise

than Mesh 1, but both results merged to unity at about 1.5 plastic-zone sizes.

Therefore,

it was considered that Mesh 1 had sufficient mesh refinement to investigate the influence
from CP loading on fatigue-crack growth.

In the following sections, all of the

parametric studies on different load levels and various load ratios were performed using
only Mesh 1 to investigate the influence of CP loading on subsequent crack growth.

Residual stress field
In practice, it is common to consider that residual-stress distributions are maintained
during fatigue-crack growth and that they do not decay.

Hence, linear superposition is

traditionally used to account for the influence of residual stresses on fatigue-crack growth.
In this section, residual-stress distributions were monitored during simulated
fatigue-crack growth at R = 0 and Pmax = 2.2 kN to investigate whether the residual
stresses due to CP loading are affected by crack growth.

Figures A.5 (a) to A.5 (d) show

the residual-stress distributions at Pmin for CA (open symbols) and CPCA (solid curve)
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when the crack had reached 0.2, 0.5, 1.0 and 1.5 times the plastic-zone size created
during CP loading, respectively.

Figure A.5 (a) shows the comparison of residual

stresses on the 51st cycle, which is the first cycle of CA loading after 50 cycles of CP
loadings. The CA loading case shows the typical compressive contact stresses along the
crack surface, reverse yielding in the crack tip region, and the balancing tensile stresses in
front of the crack tip. The CPCA loading case shows the compressive precracked region,
which is fully open, and the resulting tensile residual stresses. The biaxial stress field
around the notch tip causes a slight elevation of the tensile flow stress.

The sharp

change in the compressive residual-stress distribution occurred at the edge of the
compressive plastic-zone size.
about two plastic-zone sizes.

The residual-stress distribution was nearly balanced over
When the crack had propagated through one-half of the

compressive plastic zone, Figure A.5 (b), the tensile residual-stress distribution had
rapidly decayed.

Once the crack tip had reached one compressive plastic-zone size, the

crack tip region was experiencing nearly the same residual-stress distribution as CA
loading, as shown in Figure A.5 (c). However, the CPCA loading case did exhibit some
slight compressive contact stresses remote from the crack tip.

With further crack

propagation, the residual-stress distribution and contact stresses near the crack tip region
were very similar, as shown in Figure A.5 (d).

The tensile residual stresses created

during CP loading were completely removed when the crack had reached about one
plastic-zone size.

Thus, crack-extension values beyond one plastic-zone size should not

be affected by the tensile residual stresses.

This is in contrast to the linear-superposition

method [83], which showed that the influence of the tensile residual stresses was about
two compressive plastic-zone sizes.
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(a) Crack tip is located at 0.2 of plastic zone size
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(b) Crack tip is located at 0.5 of plastic zone size
Figure A.5

Residual stress distributions during simulated fatigue crack growth
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(c) Crack tip is located at 1.0 of plastic zone size
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(d) Crack tip is located at 1.5 of plastic zone size
Figure A.5

(continued)
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2.0

Stress ratio (R) and load level effects on crack-opening loads and CTOD
In the previous section, it was shown that the crack-opening load, Po, and the CTOD
at R = 0 stabilized in about 1 to 1.5 plastic-zone sizes due to CP loading. In this section,
the influence of stress ratio (R = 0 to 0.8 at P = 2.2 kN) and of load level (P = 2.2, 4.4,
and 6.6 kN at R = 0) on CA and CPCA loading were investigated.
ratio (R) on Po and CTOD are shown on Figures A.6 and A.7.

The effects of stress

Figure A.6 shows the

normalized opening load (Po/Pmax) against normalized crack growth (c/

cp_FEA).

The

solid curves are calculations under CA loading and the open symbols are calculations for
CPCA loading.

Under CA loading, the crack-opening loads stabilized very quickly, but

under CPCA loading, the tensile residual stresses caused a delay in the stabilization to
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Effects of stress ratio (R) on normalized crack-opening loads
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Figure A.7

Effects of stress ratio (R) on normalized CTOD

about 1 to 1.5 plastic-zone sizes at R = 0.

For higher stress ratios, the merging between

CA and CPCA cases occurred at smaller amounts of crack growth.

At high R, like 0.7

and 0.8, the CPCA results agreed with the CA results as soon as the crack began to grow
under the tensile CA loading.

Figure A.7 shows the normalized CTOD for CPCA and

CA loading against normalized crack growth (c/

cp_FEA).

The effects of stress ratio on

the normalized CTOD showed a similar trend as the crack-opening loads. For R = 0, the
merging (CTODcp within 1% of CTODCA) occurred when the crack had grown about 1.4
times the compressive plastic-zone size.

The merging occurred at smaller amounts of

crack extension for higher stress ratios.
The effects of load level for R = 0 on crack-opening loads and CTOD are shown in
Figures A.8 and A.9, respectively. Three load levels were selected for evaluation. The
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load amplitudes (P) were 2.2, 4.4 and 6.6 kN, which corresponded to initial K levels of
5.5, 11 and 16.5 MPa-m1/2.

As shown in Figure A.8, the higher load amplitudes caused

a slight reduction in the stabilized crack-opening loads, similar to applied stress level
effects on middle-crack tension specimens [97].

However, the crack growth required for

the CPCA loading case to merge with the CA results was nearly independent of the load
amplitude and occurred from 1.2 to 1.5 times the compressive plastic-zone size.

But as

shown in Figure A.9, the normalized CTOD took a larger amount of crack growth to
approach unity for the higher load amplitudes. These analyses indicated that the
minimum crack growth required achieving valid fatigue-crack-growth-rate data (not
affected by notching and CP loading) should be based on CTOD for the higher load
amplitudes.
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Effects of load level on normalized crack-opening loads
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Effects of load level on normalized CTOD

Crack-growth criterion for compression precracked specimens
One of the objectives of the elastic-plastic finite-element analyses was to establish
the amount of crack growth from the notch tip where the CP loading (tensile
residual-stress field) would not have a significant effect on crack-growth rates and that
the crack-closure behavior would have stabilized.

Beyond this crack-growth increment,

crack-growth-rate behavior would be “steady state” constant-amplitude loading and the
crack-growth data would be considered valid (minimal load history effects).

Using the

FEA results, crack-growth increments where the CPCA and CA results would agree
within 1% are plotted against the stress ratio, R, in Figure A.10.

The open symbols

show the crack-extension values determined from crack-opening behavior; and the solid
158

symbols show the crack-extension values determined from CTOD.

In order for CPCA

loading to produce valid fatigue-crack-growth-rate data, two criteria were developed.
One criterion was based on crack-opening behavior (dashed line in Fig. A.10) and is



 



c = (1-R)

(A-1)

cp_FEA

where =1.5, and the other criterion was based on CTOD (solid line in Figure A.10 with
= 2).

Although it was shown that the residual-stress distribution had decayed when the

crack-growth increment had reached one compressive plastic-zone size, the influence of
CP loading on crack-opening behavior and CTOD extended to longer crack-growth
increments.

Since the CTOD results produced longer crack-growth increments than

crack-opening behavior, the CTOD results have established the criterion for valid
fatigue-crack-growth data.
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Figure A.10

Crack-extension location for data unaffected by notching and compression
precracking
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It was of interest to compare the current non-linear method with the traditional
linear-superposition method to establish the extent of the influence of the tensile residual
stresses caused by CP loading.

Previous finite-element analyses by James et al [83]

using the traditional method found that crack growth from the notch (c) should be two
times the Irwin plastic-zone size (5% difference in the maximum stress-intensity factor
with and without residual stresses) for R = 0.1 loading.

(Note that a 1% difference in

stress-intensity factors from linear superposition would have resulted in a much larger
crack-growth increment, maybe 3 to 4 times the Irwin plastic-zone size.) The Irwin
plastic-zone size [2] was calculated by



 



rcp = 1/ (Kcp/

ys)

2

(A-2)

The linear-superposition method was conservative, in that, it overestimated the influence
of the residual-stress distribution on stress-intensity factor ratios.

The non-linear

method ( = 2), which accounted for the decaying residual-stress field, indicated that the
effects of CP loading do not extend as far as predicted by the linear method.

But note

that the differences in the acceptance criteria and parameters used resulted in the same
crack extension increment (about 2 compressive plastic-zone sizes) at R

0.

Note that

the acceptance criteria used in the non-linear method (1% in CTOD) was much more
stringent than that used in the linear-superposition method (5% in stress-intensity factor).
Tests on C(T) specimens made of 7050 aluminum alloy [83] at R = 0.1, using CP
followed by constant K loading (referred to as CPCK), shows that steady-rate behavior
is achieved at crack-growth increments from 1.3 to 2.5 times Irwin plastic-zone size (rcp).
The 7050 aluminum alloy exhibits a very rough crack-surface profile and
roughness-induced crack closure is a very dominant mechanism in the alloy.
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However,

the compression stress-intensity-factor, KCP, in Reference 87 under estimated the actual
values and their CPCK tests would supports the = 2 equation.

Tests on C(T)

specimens made of two other aluminum alloys (2324 and 7075) over a wide range in
stress ratios [56] support the near linear relationship with stress ratio.
Fatigue-crack-growth-rate data at R = 0.7 almost immediately fell on what is expected to
be the high R curve.

Summary
Elastic-perfectly-plastic finite-element analyses (FEA) were conducted on C(T)
specimens to study the influence of compression precracking (CP) and the resulting
residual-stress field on the stabilization of crack-opening behavior and the crack
tip-opening displacements (CTOD).

High-fidelity finite-element models (60,000 to

160,000 DOF) using two-dimensional plane-stress analyses were used to model plastic
yielding during compressive loading and simulated fatigue-crack growth through the
tensile residual-stress field.

The finite-element code was ZIP2D and the course mesh

had an element size of 2 m.
(0.5 m) than the course mesh.

A refined mesh had an element size four times smaller
Compressive constant-amplitude loadings were applied

and the crack was grown about 20% of the compressive plastic-zone size from a 45o
V-notch for Mesh 1.

Then constant-amplitude (CA) loading was applied over a wide

range in stress ratios (R) and load levels. The tensile residual-stress field was found to
decay as the crack grew.

When the crack-growth increment had reached one

plastic-zone size, the residual-stress field created by CP loadings was essentially the same
as CA loading.

This may indicate that residual-stress effects from linear superposition
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may not be an adequate treatment, and may overestimate the influence. On the other
hand, crack opening and CTOD behavior after CP loading merged with CA loading
results at larger crack-growth increments.

Crack-opening-load stabilization required

crack-growth increments about 1.5 times the plastic-zone size to merge with CA results;
whereas, the CTOD behavior required about twice the plastic-zone size to agree with CA
results within 1% at R = 0.

Stress ratio and load level effects were also investigated and

the analyses showed that higher R-values required less crack growth, but higher loads
required more crack growth than lower loads. Merging between the CPCA and CA
finite-element-analysis results were used to establish a crack-growth criterion for
minimum crack extension for valid constant-amplitude fatigue-crack-growth data. The
criterion produced a linear relationship with stress ratio and indicated that a crack-growth
increment two times the compressive plastic-zone size at R = 0 was sufficient to avoid
effects due to compression precracking.

In addition, tests on materials that exhibit

rough crack-surface profiles suggest that the crack-growth criterion c

2 (1-R)

used to generate “steady state” constant-amplitude fatigue-crack-growth-rate data.
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